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6AL-4V (ELD) beta onnealed titonium) with ond without intentional initiol flaws were tested
under constant amplitude cyclic lood and flight-hy-Flight fighter and bomber spectrum loods.
Two initiol flow shopes corresponding to a quorter-circular corner crack and o through-the-
thickness crack and three initial crack lengths (small, intermediate ond lorge) were used in
the test progrom, Three levels of cold working ond interference and one level ot fostener
luod tronsfer were included for each alloy. The amount of load transferred through the toad-
ed iastener was maintained uniformly ot the level which produced a bearing stress equal to
the far-field stress,

Correlations between calculated strass intensities ond those reduced from fatigue crack
growth data were good, excep! for very small cracks growing frem the cold-worked holes,
Also, the natural cracks initiated in the fatigue tests were most commonly comer and
embedded types whose shopes corresponded quite closely to the quarter~ ond semi-elliptical
shapes used in the analyses, A

Test growth rates for holes with residual strains (cold-worked or interference~fit
fosteners) were significantly slower than for stroight reamed holes without any conditioning -
especially for small initial cracks. This benefit decayed as crack length increased.

Data scatter was most apparent in fighter-sper irum tests and in the tests of short initiol
cracks propogating from cold-worked and interference-fit holes. Another important feoture
cbserved was how the initial corner flow shapes changed during their growth: for straight
reamed holes with or wii'iout cold working, the fina! dimension on the hole wall was almost
always larger than the final dimension on the plate surface, especially for the cold~worked
hole; for interference-fit fostener holes without fostener load transfer, the final Flaw shope
was close to quarter-circular; for interference-fit fastener holes with fastener load transfer,
the final dimension on the hole wall was less than that on the plate surface,

Lostly, a review of experimental rosults and numerico!l predictions indicated the possibility
that the beneficial residual compressive strains induced by cold-working operations were
relaxed during the subsequent opplication of cyclic loads.
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k0 FOREWORD 3
:3 This report describes results of work performed by the Lockheed-Georgia Company
i ! on Air Force Controct F33615-75-C-3099, “Extended Study of Flow Growth at Fostener
i Holes." The effort was sponsored by the Air Force Flight Dynamics Laboratory as part ';’
§ of the Advanced Metallic Structures - Advanced Development Program, Prcject No, 486U,
i Me. Jomes L. Rudd of AFFDL/FBE was the Air Force Project Engineer,
This program wos conducted within the Engincering Branch of the Lockheed-Georgia
7 ; Company, Marietta, Georgia, under the direction of Chief Engineer - Research and
i. Technology, Mr, H, B, Aliison. The Project Engineer was Dr. T. M. Hsu of the Advanced
} Structures Department, The experimental work wes performed under the supervision of
: W. M. McGee who was assisted by H, R. Michoel. The unflowed stress analysis was
E:
performed by Dr. J. A, Aberson. The stress intensity factor analysis ond data evoluation
- i )
18 were performed by Dr. 7. M, Hsu, 1
3 4
g I This report was submitted by the authors on June 10, 1977,
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LIST OF SYMBOLS )
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§ All symbols are defined in the text where they first appeor and the major symbols are

§

o} listed below:

a Crack length for thru crock or crack depth for part=thru crock A
32 % Threshold crack length .,:,,
) B, B, Bowie's normalized stress intensity foctor solutions for single and double ;-

3 radial cracks, respectivel i
v pe Y .

-1 c Crack length on the surface of the plate for corner crack or half crack

% length on the hole wall for embedded flow -
p E Young's modulus '
_‘ : Fcy' Fty Compression and tension yield strengths of material, respectively
* faps f Normalized unflawed stress distributions at the edges of open holes and 3
i oP CT . ¥
i close tolerance fastener holes, respectively "
b fCW f“._. Mormalized unflawed stress distributions ot the edges of cold-worked holes ,»

3 ' and interference-fit fastener holes, respectively 3
7‘ G Green's function ; N
} 3
i Normalized stress intensity factor for a thru crack emanating from an 4
1! open hole having significant local yielding %

‘ K or Kl Opening mode stress intensity foctor 4
Ke Critical smess intensity factor “‘.-
K Maximum cyclic stress intensity foctor ¥
4 max :
min Minimum cyclic stress intensity factor
;,; Kin Peak cyclic threshold stress intensity factor for fatigue crack growth ¥
;% -".-_.
; A.l'(th Threshold stress intensity factor range for fotigue crack growth
i M Flaw shape factor : i
M] Front surface correction factor ;1
1 M2 Back surface correction factor
Mc Curvature correction factor at the edge of the hole ' =
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LIST OF SYMBOLS (Continued)

M’ M'I=M-M

1 1
P Far-field opplied load
R Stress ratio =0, /o
min ~max

-] Ellipticai angle measured from the minor axis

ﬁCT Total correction factor for a thru crack emanating from close tolerance
fostener hole

BCW Total cor  “tion factor for a thru crack emanating from cold-worked
fastener ' LI

BIF Total correc tion factor for a thru crack emanating from interference=fit
fastener hole

ﬂOP Total correction factor for a thru crack emanating from an open hole

ﬁT Total correction foctor

v Poisson's ratic

o Stross

o, Far-field applied stress

Uys 0.2% offset yield strength of material

) Elliptical integral of the second kind
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SUMMARY

An analytical and experimental investigotion was conducted to characterize the fracture

and cyclic growth behavior of small cracks emanating from various types of fastener holes,

An analytical procedure was developed for estimating the stress intensity factor for a
given crack length, hole condition, and load combination. It consists of two major steps.
First, a nonlinear finite element solution for rthe elastic-plastic stress field appropriate to
the unflawed hole was generated, In the second step, o crack was introduced in this stress
field by removing the tractions on the crack fuces and computing the corresponding stress

intensity factors using the Green's function approach.

The developed Green's function approach was used to calculate the stress intensity

factors for throughcracks emanating from open, close tolerance, interference~fit, and
cold-worked fastener holes subjected to uniform far-field loadingand, insome cases, attendant
fastener loading. The appraximate shiess intensity faclors for quarter-eltiptical cracks
emanating from the corner of the same types ol fastener holes were derived from the
corresponding thru crack solutions. The shess intensity tactor tor a double, semi-
elliptical embedded crack originating at same types ot tastener holes was derived trom the

modification of a surface flaw solution.

Experimental data in the form of crack length versus number of load cycles (or Hlights)
resulting from applications of constant amplitude toading and flight=-by=flight spectrum
loading were obtrained for 370 difterent test holes on two different alloys, namely,
2219-T851 aluminum and 6AL-4V standard L] beta annealed titaniom, Seventy=-four
constant amplitude and spectrum fatigue tests of unflawed spocimens ware also conducted
to provide intormation for comparing the effective life of a nominally unflawed
specimen with that of a specimen containing a small initial flaw, and for determining

the location and initial shape of naturally induced crachs.

The stress level vsed in the constant amplitude load tests was approximately equal to
one third of the material yield strength. Two different spectra representing bomber and

fighter operations were employed in the spectrum load tests. Two initial flaw shapes
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cmrespﬂ_zidmg to o gumter ~chicuelor caner crock and o tuough-the-thickaen

crack and three initial crack tengths (small, intermediote and farge) were used in

the test progrom, The test holes, including open, close tolerance, interference-~fit,

and cold-worked fustener holes, were subjected to remote loading as well us tustener lowd-
ing when applicable. Three levels of cold working and interference were included

for each alloy. The amount of load tronsferred through the loaded fastener wes main-

tained uniformly ot a level which produced abearing stress equai to the far-field

stress,

Based upon the analytical study, it was found that when the applied far-field stress
exceeded about one third of the material yield strength, local plastic deformation
occurred at the edge of an open hole, and the computed notmalized stiess intensity

factors were lower thon the Bowie factors obtained tor the putely elostic case.  As Tocal

yielding proceeded, the normalized factors decreased os the far-field applied stress
inueased. When the crack length wus longer than one hole radius, this plasticity effect

became negligible.

Fao the cases in which cracks emanated from interference-fit fastener holes in both
aluminum and titanium alloy plates subjected 1o comstant amplitude far-tield loading,

the computed effective stross intensity factor ranges, K = K ., were essentially

max  min
constant and independent of the levei of diametiical intetioteonce. However, the eHective

stress intensity factor ratio, Re , Jdid depend upon the level of interference.

ff kmin kmu.\

For a crach iength less than one radius, R ¢ decreased rapidly as the amount of interference

eff

increased. When a r ™} R@H remained almost constant as the amount of fastener hole

interference increase.d

For cracks emanating :rom cold-worked fastener holes, the stress intensity factors
corresponding to a g:ven crack length increased as the amount of cold working decreased.
The stress intensity factors at crached cold-worked open and close tolerance fastener
holes were practicaiiv the some. However, with a small amount of fastener load transfer,

the corresponding stress 1ntensity tactors increased significantly.

The correlations batween the computed stress intensity factors and those reduced from
tests using the fatigue crack growth method of calibrating N were good, except tor small

crachs emanating from cald-wothed holes.




Results of tests showed that tor a conditioned faster cr hole (such as diometrical interference
or cold working), the crock growth rates, in general, were significantly lower than those

for a straight reamed hole without conditioning, especially for small initial crocks.

The crack growth rates decrecsed with increasing amounts of cold working or interference. The

beneficial effect of the residual strains (created during the installation of interference~

fit fasteners or during the cold working operation) on retarding fatigue crack growth was

most significant when the crack length was small, The benefit decayed as the crack length

increased. For initially intermediate ond large cracks emanating from interference=fit

fastener holes sub jected to the same type of far-field loading, within the levels of inter-

ference studied during thi= program, the associated growth rates were almost the same for -
eaoch leve! of i-nterference. Although cold working did retard crack growth, the fotigue
life of the cold-worked hole was no better than that of the close tolerance fastener hole

for the same amount of fastener load transfer. Both corner cracks and embedded flaws

were the most common types of natural cracks initiated due to fatigue cycling. The

shapes of these natural cracks were very close to quarter- and semi-elliptical, respectively,

\
as assumed in most of tha analyses. .

Data scatter obtained from the fighter spectrum tests was lorger than that corresponding

to the bomber spectrum tesis, while the results of the constant amplitude tesis showed

least scatter. For the same far-field loading, data scatter was large in the tests of cracks
emanating from cold-worked and interference-fit fastener holes, with such scatter decreasing
rapidly as the crack length increased. For a given initial crack size, if the applied load
was very low (resulting in on effective AK being approximately equal to AK threshold),

the growth behavior of the crack was essentially the same as that of a fatigue test without

an intentional flow,

Another important feature observed was the change in flaw shape during the growth

of comer cracks. For straight reomed holes with or without cold working, the final dimen-
sion on the hole wall was almost always larger than the final dimension on the plate surface,
especially for cold-worked holes, For interference-fit fastener holes without fastener

load transfer, the final flaw shape was close to quarter-circular, However, for interference-
fit tastener holes with fastener load transfer, the final dimension on the hole wall was less ;.';-;'

than that on the plate surface.
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Theoreticolly speoking, if the crack iength is smaller thon the compressive z2one result-
ing from the cold-working operation and the application of the maximum cyclic load,

the crack should not propapgate under constant amplitude cyclic loading. However, the
experimental data generated during this progrom negated such a conclusion. 1t is
suspected that relaxation of the residual compressive strains due to cold working occurred,
and ofter a period of fatigue cycling, the net hoop stress reverted to tersion upon the
application of the muximum cyclic load. The existing methodology is not capable of
toking such relaxation into account. The intetactions of the overloods and compressive
loads in the spectrum with the residual compressive hoop stress around the fastener hole
resulting from the cold-working operation should be investigated in more detoil. Limited

data available to date seems to indicate that these interactions might negate any bene-

ficiol effects gained from the cold-working operation.




v.';‘
y
H

e L b AT < W s

SECTION | &
INTRODUCTION

The influence of fracture mechanics on the design, manufocture, end maintenance of
military oircraft has steadily increased during the past decade. The continving search

for greatly improved research methods in this area hos largely stemmed from the need

for a better understonding of the growth characteristics of minute crock=-like defects,

A review of U, S. Air Force aircraft structural failuresu). revealed thot cracks

emanating from fastener holes represent the most common origin of these failures. Cracks
in fastener holes have been cbserved in a variety of shapes and lengths, but practically
olf of these have two common historical features, They initiated or were introduced some-
where on the boundary of the hole and their initiol dimensions were quite small in comparison
with the rodius of the hole. Therefore, in the interest of the widest possible opplication

of the results, it is appropriate to study small and intenmediate size* fostener-hole cracks
in sufficient detoil to assess their growth choracteristics.

The principal difficulties in such an analytical study relate to the comporative smaliness
of the crack. Generally, the plone deformation stress intensity foctors, K' ond K ne °re
primarily functions of the remote stress level and the crack length, However, for o small

fastener hole crack, Kl ond K" are expected to be additionally sensitive to the porticulor
combination of the following conditions:

1) whether the hole is open or filled
2)  load transferred by the fastener
3) degree of fostener interference

4) severity ond extent of prior hole conditioning procedures such as cold working
and reaming.

A crack that has grown to a length comparable to the rodius of the hole is influenced

much less by hole conditions, ond its stress intensity foctor can be estimated from avail-
able ond uncluttered closed form solutions.

* Numbers in superscript parentheses indicate the references listed at the end of this report.

*® |n this report, the crack size definitions are as follows:

Small: 0.005" <a > 0,050"
Intermediate: 0.050" <a > 0,150"
Large: a > 0,150




The objective of this program was to analyze ond experimentally charocterize the fiocture and
cyclic growth behavior of small flaws originating af fastener holes, The progrom wos intended
to extend the investigation beyond that of a previous ﬂudy.‘z) The purpose of the anclytical
study was to provide solutions for shress intensity factors appropriate to tastener hole crocks,

as shown in Figure 1, in order to delermine whether the 1outine procedures of fracture mechan-
ics are applicable for assessing the residual strengths and predicting the cyclic growth patterns
for these crocks, The resuits of the experimental progromwere used toevaluate the capability

of the analytical solution to predict the growth pattems of flaws from fastener holes in
2219-T851 aluminum and 6AL~4V B-annealed titanium. Additionally, the test results

were used to determine whether fracture mechanics methods furnish a suitable failure criterion

for flowed, cold~worked holes.

An onolytical procedure was developed for estimating the stress intensity factor for a
given crack length, hole condition, and load combination. It consists of two major
steps. First, o nonlinear finite element solution for the elastic-plastic stress field
appropriate to on unflawed hole was generated. In the second step, a crack was intro-
duced in this stress field by removing the tractions on the crack faces and computing

the corresponding stress intensity factors using the Green's function approach,

The unflowed elastic-plastic stress solution considered strain-hardening plastic deformation
ond elastic unloading, It accounted tor the practical order of loading {e.g., cold working
tollowed by the application of remote loading and possible tastener reaction) and ircluded
the effects of geometrical nonlinearities, such as the loss of contact between the hole wall

and o close-tolerance tastener during the deformation process.

The tractions removed in the second step reflected the combined effect of hole condition-
ing procedures and applied loads. The stress intensity solution was tully elastic, This
was appropriate for material behind the crack 1ip, but any additional plastic deformation
of material ahead of the tip was replaced by an elastic equivalent. Such an approxima-
tion was necessary to preserve the notion of a stress intensity factor ond was consistent
with what is routinely done in applying the principles of linear tracture mechanics; i.e. .

a plastic zone just ohead of and peculior to the crack tip is quantitatively ignored,
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The analytical progrom, though extensive ond reasonably comprehensive, Qa:s intended to
complement o parallel experimental progrom., The main thrust of the experimental pro~
gram was to provide baseline dota for assessing the growth characteristics under constant-
omplitude cyclic looding and flight=by-flight spectrum looding of small-and intermediate-
size fastener hole cracks for two different alloys, nomely, 2219-1851 aluminum and 6A2-4V
stondard ELI beta annecled titonium. The stress level used in the constant amplitude lood
tests was approximately equal toone third of the material yield strength. Two different
spectra representing the bomber and fighter operations were employed in the spectrum lood
tests, Two initial flaw shopes correspunding to a quorter-circular corner crock ond a
through-the-thickness crack and three initial crack lengths (small, intermediate and large)
were used in the test program, The hole conditions and types of applied loading included
proctico! combinations of the four conditions previously listed. Three levels of cold
working and interference were included for each alloy. The amount of load transferred
through the looded fastener wosmaintained uniformly ot o level which produced a

bearing stress equal to the far-field stress,

A limited number of constant amplitude and spectrum fatigue tests of unflawed specimens
were also conducted to provide information for

1) Comporing the effective life of o nominally unflowed specimen with that of o

specimen containing a smell initial flow;

2) Determining the location and initial shope of naturally induced cracks.

In recognition of the relatively brooder scatter of the growth of smali cracks ond fatigue-
test results, two specimens were employed for each cordition. The total number of flowed
and unflawed test holes in the experimental progrom is 444, ond they are summorized

in Table 1.

Wherever possible, the computed stress intensity factors were validated with the experi-

mental data.
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SECTION I
SCOPE

Scopes of both exparimental and ohalytical programs are discussed in this section,

1. EXPERIMENTAL PROGRAM

The scope of the expetimentol progtom was cstoblished to extend the large flow evaluation

program reported in Reference (2), Consequently, a commonality exists in those details

comidered to be important in moking the two progroms complementary. Commonality

belween the two programs was maintained for the following variables:

e  Alloys, tempers, and thicknesses
®

Specimen thicknesses and grain orientations

' ®  Fastener types, diometers, and moduli
®  Preparation of 1apered and cold-worked holes
®  [evels of interference and cold work
¢  lood profiles
®  Bomber and fighter test spectro
®  Test environments
®  Ratio of for-field to beoring stress for lood tronsfer

The scope of this progrom was structured into four elements a3 outlined below:

Material characterization and failure criterion
Comstant-amplitude crack growth evaluations

Spectrum load crack growth evailuations

Fatigue evaluations of specimens without intentional flaws

Complete details of the technical items common to each program as well as a complete defini-

tion of each scope element are presented in the subsequent sections of this 1eport.

1.1  Material Chorocterization ond Failure Criterion Tests

The scope of the matericl charocterization and failure criterion test program is summarized in
Table 2. Tensile and compressive tests were performe.d for the long transverse grain direc-

tion to characterize the mechanicol properties and generate stress~strain curves. The stress=



strain curves were used fo derive strain hordening coefficienty necessory 1o support the
onaolytical treatment of cold-worked and interference-fit fastener holes, Kc wos

determined for one thickness of eoch alfoy using the center crack specimen configuro~

tion. The thicknesses selected correspond to those used for the subsequently describved

ceack growth and fatigue evaluatiom. The do /dN tests were potformed for the same thicknesses.
For purposes of this program, the da/dN teshs were performed for the slow growth sate

tegion (lO-8 to IO-s inch per cycle), Such tests alss included the detemination of o

iN threshold value, Al do dN testing wos petformed fon o center crack specimen config-
vtation, o load tatio of 0,10 and o Wequency of 10 cycles per second. Thiee toilure
criterion tests per alloy were pettormed 16 evaluate o passible feilure eriterion for cold-
worhed holes.  All thiee specimens foe a given allov contained the same level of cold work.
Priot to cold working, each respective specimen wus preciached to praduce small, intermediate

and large thiough flaws. Testing ot these wan performed withoot fasteners installed.

1.2 Fatigue Tesh for Fastener Holes without Intentional Flows

Baseline fatigue tests were performed on specimens withoot intentional flaws to obtain natusal
crack origing, shapes and fives. These were performed for constont amplitude and spectium
toad conditions. The constant amplitude test progiam is detailed in Toble 3 for the aluminum
alloy and in Table 4 tor the titanium alloy. Each alioy required cight (8) specimens to obtain
latigue data on eighteen (18) test holes. The variables were selectod duplications of ones em-
ployed in consiont amplitude tosts on specimens with crached holes, bt only ome level of cold
work and one level of interforence woere vsed in the unflawed totigue tests. Tables 6 and 8
detail the spectrum test variables. Cumbined, these spectivm testy required thinty (30) speci-
mens to obtain tatigue data for thirty=eight test holes.  These also were selected duplication
of conditions contained in the tespective test plans tor holes having infentional cracks.  Only
one lovel of cold wark and one level of interference were included tos these and the fevels ’

seloctod for each were the dominant ones in the test progrom,

1.3 Comstant Amplitude Tests for Cracked Fastener Holes

The scope of the corstant amplitude tests fos cracked fostener holes in 2219-T85) aleminum olloy 7
is detailed in Table 10 for part-ihrough cracks and in Table 11 for through-the-thickness . 9
cracks, respectively. Similor details for SAL-4V beta annesaled titanium allioy are con-
tained in Tables 12 and 13, respectively. In most cases, a duplicore test v cach test hole k.

condition was included for both aluminum and titanium alloys. A total of eighty~-six (88)

5




test hofes were specified for the aluminum alloy arkd were distributed in thirty-one (31)
specimens, For the titanium alloy there were soventy=two (72) test holes distributed

in twenty-five (25) specimens, In this program, corner crack evaluations were limited

to small and intermediate size ¢racks only, However, lorge size cracks were included

in the threough crack evaluations. Three levels of cold warking and tivee levels of fastener

hole intetference, presented in Tables 14 and 15, 1espectively, were used in those tests.

1.4 Spechum Loading Tests for Cracked Fasteners Holes

The scope of both the bomber und tighter spectra Voad evoluations tor 2219- 1851 aluminum
alloy and & At-4V beta anncoled titaniva alloy is preseated in Tables 16 10 19 ard 20 10 23,
tespectively, A total of one hundred and nine (109) test holes wete defined for the aluminum
allay and were distributed in forty (40)specimens. For the titaniom alloy, there were one
hundred and three (103) test holes disteibuted in thirty=five {(35) specimens. The detailed test
plan was generally structured to evaluate the effectiveness of different levels of cold

work and interference under spectrum loading, The plan for thru crocks also evaluated

the relotionship between crack size and loss of beneficial cffects of interference and _old
working. The same three levels of cold work and interference were used tor both the con-

stant amplitude and spectium tests.

Duplicate tests were perfomed for oll interference-fit fastener holes and cold-worled holes

having small ond intermediate initial flaw sizes,

2. ANALYTICAL PROGRAM

The purpose of the analyticul program was to provide solutions for stress intensity factors
oppropriote to fastener hole cracks in order o judge whether the routine procedures of
fracture mechanics are applicable for assessing the residual stiongths and predicting the cyclic
growth patterns of the crocks. Such a judgement was based on the results generoted

by the experimental program. The analytical program isoiated the parometers significantly

influencing the siress intansity factors for the flaw types shown in Figure 1, subject to the

fastener hole conditions ond loading conditions summorized in Toble 24,
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CSECTION i
EXPERIMENTAL FROGRAM

’-. 1. MATERIALS

:_ Two different materials in plote form were employed in the exper imental jw@gruﬂ,

2219-1851 aluminum olloy and 6A4=4Y beta annealed titanium alloy, These alloys

:'” wete selected to provide results complementing fhwose obtained on a previow pmgtum“"_).

': . The aluninem alloy plates had a nominal thickness of one-inch, o width of 72 inches und A
j a length of 120 incnes, Two plates were unied and both were from Kalser Lot Numbor 484881 ' 'f«
b with specified conformance ® MIL-A-8920, The titanium alloy plates had o nominal ?
_' thickness of 0.60 inch, a width of 55 inches and o length of 129 inches, The titanium _~_‘
] plates were furnished by the Air Force ond were reported 10 huve beon manufactured
L from the some heat by RMI.  Also, the titanivm was from the some hea? uied on a previowly 'i
3 reloted progrum(?) wheee the tiranium was reported 16 be an extta low interstitial grode l
4 and annealed obove the beta transus temperature,  Three plates were usedd on the progrom

roported herein. -:'*'
A standord chemical analysis wos performed on a sample of each alloy with the resulns in A
Table 25shoning the compositions ® be within specification limits, Photomicrographs }
;E', characlerizing the microstructure of each alloy were also made and are shown in Figure 2. o
These wer o made in the plane of the plates. The Ti-6 AL -4V microsluchure showed a novmal beta

: anneoled bashet weas e stiucture of relatively cowrse honstarmed betawhile the I219-T651 E
% microstructure showed o normal solution treated and aged structure with an insignificant .
‘ omount of dark undissolved Cu=Mg-Al constituent and several light AL -Cu~-Mg particles.
‘§ Rochwell hatdnesses of both materials were also occeptable, Rn = &7 for the Ti=6At-4AV '
ond Rb = 79,5 for the 2219-T851, Additionally, standord tensile ond compressive data ‘
L in the LY grain direction were obtained for each alloy. This grain direction was selected
1o be compatible with all subsequent testing and was the one employed in Reference 2. -l
3 These data are contained in Toble 26, Both the tensile ond compressive dota for 2219-T8M
excoeded MIL-HDBK=5 "B" valuss. The tensile dota for Ti-6A8=4V was between MIL- 1
- HOBK=5 A" and "B" values and the compressive yield strength wos approximatelv equal E
to the “B" value, ¢

2. TEST SPECIMENS

To evaluate the various combinations of variables contained in the experimental progrom,

several different, but in mony coses similor, test specimen configurations were required.
7
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Configurotions required for material zhoracterization ond follure criterion tests are shown
in Figure 3. Thae for evaluating flow growth of fustener holes ore shown in Figure 4 ond
configurations for fatigue teshs without Infnntional flaws are shown in Figure 5. All speci-
irerd were rectongulor (except temile and cdnptm?ms tests) with reduced test sections and
hod their longest dimensions or loading direction porollel to the Ibﬁg--l, “mvese groin direc-
tion of the rolled >plme material. Test section thicknesses were 0.375 and 0,450 inch for
the titanium alloy and aluminum olloy, respectively. These thicknesses cotrespond to the
ones used in the Reference 2 progrom. A unique serialization was established for each 7
specimen and oll voriobles osscziated with each specimen serialization were identified.
This serialization was mointained threughout oll operations, from o locotional lay-out plan
on the uncut plate material 1o the reporting of final data. The locational loy-out plan
identified the location of each specimen and was used for cutting specimen blonks. The
blanks then were machined to the desired lengths und widths. Next, a machining cut was
made on each foce of the blanks to produce the flainess necessory for precision machining
of the test section and o stroight specimen for testing. Once test section mochining wos
compiele, the specimens were prepared in accordance with their seriolization, Except

for material characterization specimens, this further preporation consisted of producing

the vorious hole conditions described in the following section.

Two different specimen widths were used for the flow growth evaluations. The 4-inch-
wide specimens wers used for the smal! and intermediote size flaws ond the 6~inch-wide
specimens were used for lorge flows. In order to minimize the test time ond cost, and to
gother the maximum omount of useful dota, almos? oli specimem ¢ontained two of three test
holes. To avoid interaction effects between crocks(s), hole spacing wos 3 inches in the
4-inch wide specimens used for evaluating smoll and intermediote cracks, Similarly, o 5«

inch spacing was used for the holes hoving large cracks in the é-inch-wide specimens.

The general philosophy used in combining more thon one test hole in a specimen was com-
prised of the Tollowing principles: '

A porticulor specimen contained flaws of the some size,
A porticulor specimen containad flows of the some shope,

A porticulor specimen contained fasteners of the same type,

As-reamed open holes were only mixed with as=reamed holes filled with

close-tolerance fasteners.

¢  Cold-worked holes were mixed with interference-fit fastener holes,
8




This philosophy was originally expected to ensure the collection of useful datc from each

hole contained in a particular specimen and to reduce the number of specimens required,

In fatigue tests without intentional flows, the speciman configurations shown in Figure 5
were employed., Two of these configurations contoin more thon one test section. When
one section failed, it was removed and testing was continued on the remaining specimen

or specimens,

3. HOLE PREPARATION AND FASTENER INSTALLATION

Five different hole-fastener combinations were included in the experimental program as

follows:

1) Reamed hole - open.

2) Reamed hole - filled with close-tolerance fastener.

3) Cold-worked hole - open.

4) Cold-worked hole - filled with close-tolerance fastener.

5} Tapered hole - filled with Taper-Lok fastener.

In addition to the cbove hole and fastener varicbles, three di#erenf ievels of cold work

were employed as well at three different Taper-Lok ener inteiference levels.

Alloy steel fasteners having a nominal diometer of 3/8 inch were used in the afuminum
alloy specimens. For the titanium alloy specimens, 5/16 diameter fasteners of Ti-6AL~4V
STA were used., Fastener details are contained in Table 27, The fastener selection with

respect to size ond moterial wos based on previous work reported in Reference 2.

Reamed holes for a given specimen alloy had the some final reamed diometer, which was
that required to produce a close-fitting fastener without interference, Where close-

tolerance fasteners were required, the fasteners were installed without prelood.

Cold~worked holes were produced using the process referred to as the "Boeing Split Sleeve
Method, " in which a hole smaller than that required was drilled and then fitted with o
split, steel sleeve. A mandrel larger than the hole wos then drawn through the sleeve to
cold-expond the hole to a lorger diameter, The sleeve wos then removed, followed by

reoming the hole to final size, Current practice allows from 0,004 to 0.010 inch of

9
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diometrical increase by the final reaming operation, Different omounts of coid work
are produced by varying initial hole size and ‘or mandrel size, Three different lavels
of cold work were used, two of which were the sumu us the ones used in Referenca 2,
These two were approximately 5 percent and 4 percent, 1espectively, A lower volue of 2

percent was selected os the third level, This lowur level was selected since 5 percent

RO PR T 1 | 1

is approaching the upper limit of the process with respect to aflowcble thickness varia-
tion in the hole vicinity and probability of circumferential cracking in some alloys,
The detail dimensions of fastener holes during the cold~working operation are tabulated
in Table 14 which include the initial hole diameter, mandrel diameter, sleeve wall

thickness, diameter after relaxation and diometer after final reaming, In all cases this

i i i ims g

split in the sleeve was oriented 90 degrees away from the crack zone, Where close

[EESTTC I

tolerance fasteners were required, the fastener was installed without preload as was done

for the as~-reamed holes,

PR

The preporation of tapered holes was performed using stardard cutters designed tor use with

e

the Taper-lok fastener system. Finol reamning was performed using a positive stop to -
ensure uniformity in size from hole to hole. The hole was sized such that, with the fastener
instolled, there was gripping area extending from each side of the specimen. This was
required for cases specified to have load transfer. The fasteners were first pushed into the
holes with finger-tight pressure. lnstatiation was then accomplished using nut tarque while
monitoring axial movement with o dial indicator. When axial movement reached a value
equivalent to the desired interference level, no further torque was applied. The nut was
then loosened 1o relieve preload followed by re-tightening to o nominally low valuve, The
dial indicator was monitored during this operation to ensure that no chgnge in interference
occurred. Three different interference leveis covering the range generally used in pro-

duction were employed for each material. These levels are defined in Table 15,

Since optical monitoring was to be performed during subsequent testing, in many cases
the fastener heads were removed 1o enhance visibility of the test area. Since there was
no fastener preload invelved in the progrom, this was considered to have no influence on

the results. In all cases a new fastener was used in each test hole requiring u fastener .

4. PRECRACKING PROCEDURES

Precracking of holes was performed by opplying constant amplitude axial fatigue loads

to the specimens in electrohydraulic servo controlled fatigue machines, In the selection

10




of precracking loads, specimen test requiraments were olways considered to ensure that the

result of prectacking would not 1etard the crack growth under the subsequent test conditions.

e

Thu progrem encompassed small, intermediate, and large initial crocks of two different

.
3
Bl
;
)

shapes: single symmetrical thru-the-thickness cracks and single quarter-circular port=thru

cracks. Nominal initial sizes of these craocks were as follows:

b

f

Small 0,005 inch
0,050 inch

0.150 inch

i

Intermediate

Large

Voarious combinations of these initial crack sizes were produced for as-reamed straight shank
,, holes, cold-worked holes, and tapered holes. For all thru-crocks, electrical discharge ‘
| machining (EDM)was used to produce fatigue starter slots, For the intermediate and :
large sizes not requiring cold work, EDM was performed on the final reomed hole wall.
Where small cracks were required, EDM was performed on a pilot hole. The pilot hole
then was precracked to a length such that when the pilot was reamed to final size, the

desired small flow remained. This procedure wa: considered necessary to produce

2 N e L

a short crack having reasonable symmetry through-the=thickness.

[ W

EDM also wos used to produce starters for the intermediate and large corner flaws.
Where cold working was not required, the storters were machined on the corner of final

reamed holes. The size of the EDM starter was controlled to allow approximately 0.020

A g ot 3 ) 2,

to 0,030 inch of precrack to produce the desired initial crack size. Since control and

sharpness of the EDM are insufficient for the small corner flaws, an alternate method

was uysed to produce crack starters on finished holes. Sharp notches were diomond ground
in the hole edge at an angle of opproximately 45 degrees, Grinding was accomplished

using a razor blade in a slurry of 5-micron diamond paste, The total length of the notch

ot ok e g

was controlled to between 0,001 ond 0.002 inch as measured on the surface. For all

Taper-Lok installations requiring corner cracks, the crack was located on the fostener

3
.§;
b

head side representing the largest hole diameter,

Where cold working wos required, the crack storter was locatea on the hole to be cold
worked, and precracking was accomplished prior to cold working, Initial precrack

lengths were controlled to compensate for the final ream ofter cold working. The amount

11




of compensation required was determined during cold working of trial holes. All corner

cracks for cold worked holes were located on the mandrel entronce side which would be

the back surface with respect to the mandrel pull gun,

When precracking multiple hole specimens, fatigue cycling was initiated with all holes
open or unfilled. Al cracks did not initiate from the starters at the some time. The

faster growing crack or cracks were retarded by filling the holes, In this monner reasonable

control of initial crack size was accomplished,

5. TESTING PROCEDURES

5.1 Tensile and Compressive Tests 3

Tensile and compressive tests were perfurmed using the apprepriate standards recommended

by ASTM. Testing was accomplished using a calibrated universal testing machine and exten-

someters were employed to measure specimen deformationunder load in order to produce arecorded

foad versus deformotion curve, For the tensile tests, these curves were determined to foilure.

From these tests, F_ , Fty' Ftu' and stress-strain curves were derived, Strain hardening

coefficients, percent elongation and percent area reduction were also determined,

5.2 Kc Tesfs

Tripiicate fracture toughness tesis were performed for one thickness for each alloy. Center

crack specimens were employed with the center crack being produced by fatigue from a

through=the-thickness EDM slot. Testingwas accomplishedusing a universal testingmachine

and the specimen was instrumented with o clip goge for recording crack opening displace-

ment. Kc values were derived using the stress intensity factor solution for a center crack

in a finite plate and validated using Fty determined from the tensile tests,

5.3 Failure Criterion Tests

The faiiure criterion tests for cold-worked holes were conducted in the same manner pre-

viously described for the K_ tests. Specimens containing a single through crack emanoting

fiom level 1 cold-worked open holes were used in the tests.

5.4 Crack Growth and Fatigue Tests

The following procedures apply to crack growth und fatigue tests performed which include

da/dN tests, fostener hole crack growth tests with intentional flows and fatigue tests on fas-

tener holes without intentional fiaws. :

12




All crack growth and fatigue tests were performed using electrohydraulic servo controlled
tost systems manufactured by the MTS Systems Carporation.  Each system contained the
necessary elements properly integrated to control the servo loop, progrom loads, monitor
loads ond perform failsafe functions, For constant amplitude tests, load monitoring was
performed using o system calibrated omplitude measurement unit. A sine wave function
generator was used to provide load command to the servo loop, Each test system was
also interfaced to o digital computer which was used to provide load commands for the

fighter and bomber test spectra.

All four inch wide specimens were loaded through hydraulically operated grips and

the six-inch-wide specimens were loaded through fittings bolted to the ends. Specimens
subjact to buckling under compressive loads were fitted with lateral support bars to provide
stability. These bars had Teflon film on the specimen side to minimize friction and fretting

and were attached to prevent load transfer,

Where fastener lood transfer was required, abeam arrangement was used to load the fastener
in double shear as iHustrated in Figure 6. The beoms were connected to one grip through
load reaction columns, which were instrumented with slectrical=resistance strain gages to
allow monitoring of load transfer, The effective stiffness of the beams could bevaried toadjust
load transfer to the desired omount. The amount of load transfer was held constant to pro-
vide a ratio of tar~field to tastene: bearing stress of approximately 1.0, This corresponds

to a load transfer of approximately 10 percent for the aluminum specimens and 7 percent

for the titanivm specimens. This amount of tastener load transfer typifies the fasteners
located at a spanwise splice in wing structures, o sringer run-out area, and a spat web to

spar cap joint. An overall view of the test arrangement is shown in Figure 7,

The test sections of all fatigue and crack growth specimens were enclosed in clear,
acrylic chambers to allow testing in dessicated air at ombien? temperature, 70-80°F, The
cyclic frequency was 10 Hz for all constant amplitude tests except the aluminum fatigue
tests which were cycled at 15 Hz. The cyclic frequency was varied with load layer in
he spectrum tests and ranged from 10 Hz for the low amplitude cycles to 1 Hz for the

high omplitude cycles. The cyclic frequency tor the da dN tests was 20 Hz.

Crack length measurements were made on one surface using optical techniques, Filors

and reference grills were used in conjunction with micioscopes to provide measurement
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sensitivities of 0,0002 inch and 0,001 inch, respectively. For constont amplitude
tests, crack length measurements were made while holding ot the mean lood level.

Measurements were made while holding ot the end of flight mean level during the

spectrum lood tests.

if the for-field applied stress used in the constant-amplitude tests was maintained con-
stont for the testing of all hole conditions, direct comparisons could be made from the
test data. In order to grow a crock from a high level of interference or cold-worked a
fostener hole within a reasonable test time, a relatively high far-field stress was re- é
quired. However, if the level of applied stress were too high, cracks may grow too fost

at the open holes or close tolerance fastener holes with and without fastener load transfer.

T

Also, arelatively high far-field stress may create a large yield zone oround such holes
which may affect the load redistribution and produce interactions between the cracked

holes. In order to determine the optimum load ievel to be used in the constant amplitude

a f eebis L s

load tests, several load levels were evaluated on through=crecked aluminum specimens.
The final maximum load used for cll constant amplitude lood tests was 18 ksi for 2219-1851
aluminum specimens and 40 ksi for 6Af-4V beto annealed titanium specimens. The applied
stress ratio, R=0_. /o0, was 0.1. Those applied maximum stresses were about one-

min “max
third of the yield strength of each material. Marker loads were applied periodically during

[ PO

the tests of the first two constant amplitude specimens by changing the opplied load ratio
(R = 0.85) ond cyclic frequency, but maintaining the same maximum test load. Since the
total growth band for the smal! and intermediate flaws was so norrow, the growth during
each marking was limited to o very small amount, 0.0002 inch to 0.0005 inch. These
marker loads did not produce a clear marking on the fracture surfoce. Therefcre, no

marker loads were opplied in the remaining tests.

For the spectrum lcad eveluations, test spectra typicai for a fighter and bomber were
used, Table 28 defines the spectrum for the fighter and that for the bomber is defined

in Table 29. The fighter profile for a flight is shown in Figure 8 as programmed by the
Lockheed test system., Also shown is the sixth and eighteenth flight occurrerces of load
layers 65 and 66, respectively. The profile for the bomber is shown in Figure 9for astandard
flight along with the occurrences of load layers two and three. Layers 18, 28, and 29

were inserted in o similar fashion. These spectra were the same as those used in the

Reference 2 progrom.,



In addition to providing crack growth data, measurements of surface crack lengths
i during testing were used to control the test with respect to intentionally retarding the

fast growing cracks and 1ast termination. For test termination purposes the small,

intermediate, and lare flaws were grown to opproximotoly 0,050 inch, 0.150 inch
'3 and 0,50 inch, respectively. Tests without intentional § lows were either fehgue

tested to failure or testing was terminated when a natural crack was detected.
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SECTION IV
RESULTS AND DISCUSSION OF EXPERIMENTAL TESTS

The original test plan wos established to extend the lorge flaw evaluotion program
reported in Reference 2 to include smoll ond intermediate flaws. The original
plon included constant amplitude lood tests, periodic overload tests and spectrum load C i

tests, Since dota scatter was onticipated, especiolly for small cracks emancting from

inelostic regions, the periodic overload tests were repluced by the duplication of

constant omplitude load tests and spectra load tests to atlow on in-depth understanding of %
the growth behavior of small and intermediate cracks emonating from interference=~fit ' g
fastener holes and cold-worked holes. E

3
During the course of the test program, it was observed that one of the cracks grew much j
faster than the others in some multiple test hole specimens. During such tests, when %
the data in the desired range had been taken for the fastest growing crack, o small hole j
(1/8" ~ 3/16") was drilled at the crack tip and a Taper-tok fastener was instolled in on m;

attempt to stop the growth of the fastest crack in order to collect more data from cracks

at the other holes. Upon recycling, in most of the cases, the specimen failed ot the section

S key

containing the fostest growing crack before all the desirable data at the other holes could
be collected. To enhance the chance of collecting all the desired test dota for those
specimens where the test holes had not yet been prepared, the disiribution of fastener

hole conditions was rearronged. Even so, only limited success wos achieved. Extra speci-
mens (those with specimen numbers ending in x)were defined to collect the desired test data.

I PP

The results of all tests are presented in this section. Wherever possible, data scatter of dupli-
cate tests is shown and a comparison of the different types of fasteners and/or hole condi-

tions is described ond discussed in detail.

1. MATERIAL CHARACTERIZATION TESTS

The mechanicol properties of each test material ore presented in Table 26, The ultimate
tensile strangth, yieid strength, and elongation (2 in, for aluminum and 1 in, for titenium),
respectively, were 67.4 ksi, 54,3 ksi, and 11,3% for oluminum, ond 135.6 ksi, 126.5 ksi,
ond 12,8% for titonium, The compressive yield strength was 58.4 ksi for aluminum ond
138.2 ksi for titaniom, Toble 30summarizes the results of the fractuse toughness tests. The

apporent fracture roughness was 46.3 ksi,/ in. for aluminum, ond 141.3 ksi\/’ﬁ\‘.' for
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titanium. However, it should be noted thot the net section stress of (racture for the

i3 titanivm specimens excecded 80% of the yield strength of the moterial.

The baseline crock growth rate data for the T-L direction ot R 0.} obtained from the ,
constant amplitude tests are shown in Figure 10 for aluminum and in Figute 11 for titanium, '

The thveshold 4K obtained duting the tests ranged trom 1.03 to 1.99 ksi\/int for

oluminum and 2,77 1o 3.69 ksi / in. for titanium. The average threshold value of the -,
maximum stress intensity factor, (Kmox),h' was 1.7 ksi/ in, for aluminum ond 3.7 ksiy/ in. '.
for titonium. The solid curves in Figures 10 and 11 are the least-squore-mean line repre- 3

sentations of all the data points shown, The curves are used in the sutsequent analytical -

experimental correlations. g -

2. UNFLAWED FATIGUE TESTS

g 2.1 Constont Amplitude Lood Tests

The results of constant amplitude unflawed fatigue tests of aluminum specimens are contained

g

in Table 3. These results ore also shown in Figure 12, For aluminum specimens, nine %) 4

out of eighteen (18) test holes failed before any crack was observed. Two out of these nine

¢ emg b a iRk Eeea

failed in the grip section. Cracks were detected in the other nine test holes, These con-

sisted of five (5) single corner cracks, two(2) double corner cracks, one (1) embedded flaw, and 3
one (1) double comer crack located on the some side of the fastener hole, Post-test examina- g

tion onseven foilure surfaces indicated thot the initial cracks {or origins) of these failures

S Wyt o mb

were three corner cracks, three embedded cracks and a surface crack away from the hole wall.
The typical shape and origin of a natural crack originating at a close tolerance tastenes hole
and o notutal crack originating at the surtace away trom on intetference~fit hole are shown
inFigure 13. Both test holes have about 10 percent fastener load tansfer. Similar results for
titanivm specimens are tabulated in Table 4 and also Figure 14, For titanium specimens, twelve

(12) out of eighteen (18) test holes failed before any crack was observed. One of these twelve

g A SRR e | KA

failed in the grip section. The six detected cracks included four (4) single corner cracks and i
one (1) single and one (1) double thru crack. The number of cycles applied to each specimen

and the dimensions of the crachs observed ot the time the test was terminated are also in-

i
!

cluded in the tables. Post-test examination on eleven failure surfaces showed that the

b >
"

initial cracks of these failures were six corner cracks and five embedded crocks. Table S
summarizes the initial cracks of all constant amplitude fatigue tests on both aluminum and

titanium specimens. From Table 5, it can be seen that for the fastener-plate combinations
17

S e e e ke AT e

-t » LT, DT T R Y AR K T



considered in ihis progrom, the corners of unloaded fastensr holes are the mast common

origing of natural crocks initiated due to fatigue, the shape of the observed natural crocks

being oppraximately quarter elliptical with the mojor and minor axes coinciding with the

hole wall ond plate surfoce, respectively. The other common arigins of natural cracks due

to fatigue cycling are the hole wall surfaces of holes filled with close toleronce {asteners

having fostener lood transfer. The plote sutfoce away from the hole for interference~fit

fosteners is also o possible origin of natural crack.

For both the aluminum and titonium specimens subjected to identical loading conditions,

the interference-fit fastener hole hod the longest fatigue life, This may e because

a higher leve! of interference (level 2) was used,. The reason this level of interference

was chosen is becouse it was the doininant one in the crack growth tests, For aluminum, the

cold-worked hole shows o longer fotigue life than that of the close tolerance fastener hole.

However, for titanium, the fatigue life of the cold=worked hole is comporable to that of

the close tolerance fostener hole.

2.2 Spectrum Load Tests

The results of the unflowed fatigue tests for the 22|9~T85!-uiuminunm specimens subjected
to the bomber spectrum loading are summorized in Table 6 ond Figure 15. Similar results

for the aluminum specimens subjected to the fighter spectrum loading are also summarized

in Table 6 and Figure 16. Except for the reamed open holes, aoll test holes had fastener
lood tronsfer. Six (6) out of ten (10) rest holes subjected to the bomber spcctrum loading
and five (5) out of eight (8) test holes subjected to the fighter spectrum looding failed
before any crack was observed. The seven (7) observed natural cracks include two (2)

single corner cracks, two (2) double corner cracks, one (1) single thru crack, ond twe (2)
double thru cracks. These thru cracks were believed to have originated from embedded
craocks. Six out of eleven failure surfoces subjected to both the bomber and the fighter
spectra loading examined afler the test showed thot embedded flows appecared to be the 7

origin of such failures. The other five origins were at the corners of the fastener holes.

The initial cracks (or origins) of all spectrum fatigue tests on aluminum specimens are

summarized in Toble 7. As seen from Table 7, both the corners and the hole wall surfoces

of the fastener holes were the most common origine of observed natural cracks initiated due

to spectrum fatigue tests.
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The typical surfaces of natural crocks originating at o close tolerance fostener hole sub-
jected to the bomber spectrum and cold=worked holes subjected to both the bomber ond
fighter spectra ore shown in Figute 17. Table 6 Indicates that for specimens having
ubout 10 percent fostener lood tromfer, the level 1 cold-worked holes show fotigue
lives comparable to those with close tolerance fostener holss. The test results of the
same aluminum specimens subjected to 18 ksi comstant amplitude loading (Toble 3) indi-
cated that the fatigue lives of the level | cold-worked holes with fastener load tronsfer
were longer than those with close tolerance fastener holes having the same amount of
fastener load transfer, Even longer fotigue lives were observad for the interference-fit
fostener holes. This is partiolly becouse o higher level (level 2) of intecference was

used in the test program:,

Similar fatigue test results on 6AL -4V beta onnealed titanium specimens ore summorized
in Table 8 and Figure 18 for the bomber spectrum loading and in Toble 8 ond Figure 19
for the fighter spectrum loading.

Six (6) out of twelve (12) test holes subjected to the bomber spechrum looding and five (5)
out of eight (B) test holes subjected to the fighter spectrum looding failed before any crack
was detected. All observed notural cracks due to the bomber spectrum looding were either
single or multiple corner cracks. The three observed crocks due to the fighter spechum

loading included two {2) single corner crocks and one {1) double twe ciock. This double

theu crock wos found to have originated from o double embedded crock. Post-test exoming-
tion on eleven failure surfoces indicated that the - sible initial crocks (or origins) of these
failures were nine corner crocks and two embedded cracks. Table 9 summarizes the initiol
cracks of all spectrum fotigue tests on titaniumn specimens. As seen from Toble 9, the

corners of the fastener holes ore the most common origins of notural cracks initiated due to

- spectrum fatigue. From Table 8, it con be seen that the interference-fit fastener holes con-

sistently gave longer fatigue lives than other types of tested holes. Level 1 cold-worked
holes having fastener load transfer showed fatigue lives which were comparable to those for
the some type of holes without cold working when they were subjected to the bomber spec-
trum loading. However, when the level | cold-worked holes were subjected to the fighter
spectrum lobding, their fatigue lives were significantly shorter than tose for close tolerance

fastener holet without cold working.
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3. CRACK GROWTH TESTS

The resulty of the growth of in!mt"imqir flows tested on both 2219-T851 aluminum and
OAL-4Y beta annealed titanium materials are presented and discussed in this section. For

each material, the results were obtained fr o combination of the following variables:

-1 Loading profiles Corgtont amplitude, bomber spechum, ond fighter specirum
2)  Hole condition: Open, close Jfolem'nce, interference=fit, and cold-worked
3) Fastener lood: with and without fostener load Honsfer
4) Level of inwtfewm’e or cold working: three each
S) IniMa! crack shape: qu.urm-etlipﬁcol corner ctacks and through-the-thickness
crochs

6) Initiol crack size: smoll, intermediate, and large.

Since eoach specimen comtained different fastener hole conditions withditterent initicl crack
i

lengths, o direct comparison of the results toe the same type of specimen may oot be meoan-

ingful. Thewefore, key experimental results are rearranged and nommalized to the some

initial crack length according to vach fastener hole condirion,

Wherever possible, data scatter of duplicate tesls are shown and the effects of the hey

variables are soluted and described in deteil,

3.1 Comstant Amplitude Load Tosty

2219-1831 Aluminum Carnet Crack Tests = The 1esults of the cormer crach tests tor the 2219

T835 1 oluminum specimens are shown in Figores 20 thioegh 25, Figure X0 shows the growth
behavior of small corner cracks from ppen holes and close toletance ostener heles

with and without fastener toad tramsfer in aluminum plates subjected 10 18 ksi constant
amplitude far-iield loading, The dificrences between the values of the solid ond open symbols
represent the data scatter obtained from hwoduplicate tesh,  The poir of nembers shown inside
the parentheses at the end ot each set of data reprasent the tinal lengths of the crock. The
first nymbar corresponds to the crack length along the hale wall, o, amd the second number
caresponds 10 the crach Tength on the plate suwtace, ¢, These values were measued trom the
crack sutfoces which were opened after testing.  The itinal lengths of some tast growing cracks
could oot be measured because the crack suitaces mere destoned when the gronth of these

crachs was intentisonlly retatded in an attenpt to collect mave data trom the slower growing

X




cracks in the some specimen. As seen from Figure 20, the growth rate ot the hole having
fastener lood tromsfer is comiderably higher than the growth rates of the other holes, The
growth rates ore about the same at an open hole and close toleronce fastener hole without
fastener lood transfer, Growth characteristics of intermediate corner crocks for three dif-
ferent levels (00024, 0.0038 cnd 0.0060 inch diametral) of interference for interference=
fir fostener holes are presented in Figure 21, Based on the limited final flow shapes obtained
in the experimental progrom, it was found that the final flow shope of all comer cracks emo-
nating from interference-fit fostener holes without fostener lood transfer was very close 1o
quarter circular. In other words, the crock growth rotes along the hole wall and the plate
surface were about the same, However, with fastener toad transfer, the crack growth rate
along the plate surface becomes higher than that along the hole wall as reflected in the
fincl dimensions shown in Figure 22 and Table 31. One may conclude, from Figures 21

ond 22, that the test dota scatter abtained from the tests of crack growth from interference-
fit fostener holes is very large. The average dato trend, however, indicotes that the higher
the amount of diomelrai interference, the slower the fatigue crack growth rote, The crack
growth rate does not show any significont change when obout 10 percent of the for=field
applied load is reacted through the fostener. Figura 23 shows the similar growth behavior
of intermediate corner cracks from various types of 2,2 percent cold-worked holes. There
is no significant difference in the growth rate at cracked cold-worked open and close
toleronce fastener holes. However, with fastener load tronsfer, its associated growth rate
is higher than rhat of unlooded holes having the same omount of cold-working. The final
flaw shape of comer crack emonating from cold-worked holes is very similar 1o that of
straight reamed holes without cold-working. Figure 24 compares the growth of intermediate
corner cracks from various levels of cold working. The detail dimensions during the cold-~

worked operation have been given in Table 14,

Figure 25 shows a comparison of the growth behavior of intermediate corner cracks from
various types of fastener holes in 2219-T851 oluminum ollo'y plates subjected to 18 ksi
constant amplitude loading. The datu shown for the interference~fit fastener holes is the
fasiest growing one of duplicate tests, In generol, with the preconditioning of a fostener
hole, such as diometrical interference or cold working, the crack growth rate is significantly
lower than that of & straight reomed hole without preconditioning. The growth rate on the
plote surface of o cold-worked hole is much less than that of an interference~ili fastener
hole.
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Another important abiervation invelves the change in Hiw shaopes during the growth of

corner cracks. For o sraight reamed hole with o without cold working, the final dimen-
sion on the hole woll iy almost always larger than the final dimension on the plate surface,
especially for the cold-worked holes presented in Figure 20, which shows the typical surfoces
of corner cracks emanating from o level 1 cold-wotked open hole and level | cold=warhed
close tolerance tastener holes with and without fastener lood tramsfer. For interference-

fit fastener holes without fastener load tromsfer, the final flaw shape is close 1o quarter
circular. For interference-fit fastener holes hoving fastenes load tomber, the tinai diren-

sion on the hole wall is less than that on the plate surfoce.

2219-T851 Aluminum Thru Crack Tests = During the course of selecting the optimum far-
field stress to be used in the constant omplitude lood tests, each of Maospecimens contoining
small thru cracks at three different types of straight reamed holes (open , close tolerance
with and without fastener load transfer) were loaded at R = 0.1 and. (’mox = 28 and 24 ksi,
tespectirely. The tesolls of these tests ate shown inFigure 27, When the tinstspecimen was
loaded ot 28 ksi, the crack ot on open hole grew significantly slower than the one located
ot the close tolerance fastoner hole without having fastener load transfer, This was
somewhat unexpected, It is suspected that the high opplied load created large yield
zones arouna the test holes which may hove affected the load redistribution

and produced interactions between cracked holos, \When the second specimen was

loaded ot 24 ksi, the partern of crack growth was what one would anticipate bosed

vpon a lincar analysis, However, there iy still sizeable yvielding around cach test hole,
To avoid such plasticity etfects and atter the examination of Loth the fighter and bomber
spectra {the maximum root-mean-square stress ol the tightet and bomber spectra ore

14,18 and 17.84 ksi, respuctively), 18 Lsi wos chosen as the for=field stress for olf

constant amplitude load tests for aluminum specimens,

The results of the constant amplitude load tests for the thru cracked aluminum specimens are
shown in Figures 28 through 38. Figure 28 shows that the crack ot o looded tastener hole grew
much slower than that of an open hole and unisaded close tolerance tastener hole,  After

the test, it was found that the fostener used in the one-hole specimen containing the loaded
fastener hole (specimen no. A-CA=-3x) gave o much tighter {it than was expected of the neat-
fit fostener hole. Due to this small amount of interference. it associated growth rate was

reduced significantly,
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Figure 29 shows the growth behavior of small thru-cracks emanating from three interference-
fit fastener holes in a 2219-T851 aluminum specimen subjected to 18 ksi constont ampli-
tude loading. The levels of interference were 0.0024" and 0.0038" with and without
fastener load transfer, This specimen was designed to génerote growth data over the

range of small to large flaws. As can be seen from this figure, after 70,000 of the

more than one-quarter million cycles were applied, all specimen flaws experienced
practically no further growth. The initial growth increment shown may occur only on the
surface due to the tunneling of the crack front during precracking and installation of

an interference-fit fastener. This specimen was recycled later and after 770,000 cycies
were applied, no crack extension was observed in any of the three holes., At 810,000
cycles, a crack at the 0.0024-inch interference-fit fastener hole grew to 0.55" on one
surface of the plate but not on the other surface. At 822,000 cycles, it became a uni-
form thru crack and the specimen failed at 835,500 cycles while the cracks at the remain-
ing two holes showed no growth at all. The results of the corresponding unflawed fatigue
tests are also shown in the figure. 1t is believed that the effective maximum stress in-
tensity factors at 0.0038" interference~-fit fastener holes are below the threshold chx
Therefore, these two test holes behaved like those of fatigue tests without intentional

flows.

Figures 30 and 31 compare the growth behavior of intermediate thru cracks from interference-
fit fastener holes for three different levels of interference in 2219-T851 aluminum alloy plates
subjected to constant amplitude 18 and 21 ksi far-field loadings, respectively. There

were no significant differences in fatigue crack growth rates as a result of the intro-

duction of the different diometrical interferences.

The growth behavior of intermediate thru cracks from level 3 interference-fit fastener
holes in aluminum plote superimposed on the corresponding growth behavior for small thru
cracks is shown in Figure 32. The transition from small thru cracks to intermediate thru

cracks appears to be very smooth,

Figure 33 typifies the growth behavior of a small thru-crack emanating from a cold-
worked hole. From this figure, it can beseen that the growth of the crack is far from uniform
through the thickness of the plate. The crack grows much faster on the entrance side of
the mandrel. In most cases, the crack growth on the exit side of the mandre| is completely

retorded due to cold-working. The growth pattern of a small thru-crack emanating from a
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cold=worked hole is very similar to that of o comer crack with a very lurge a. ¢ 1atio. This
phonomenon was not observed in tests of large thru cracks emanating from cold-worked
holos. QOne passible axplanation is that, during the cold-working operation, the lip of

tho sleeve is pulled up against the edge of the hole on the exit side of the mandrel by
the cold-working gun. Such on operation praduces a higher thon nominal residual com-
pressive stress in the area where the lip of the sleeve mokes contact with the plate, Foi o
smaller flaw, the crack tip folls within this aea. Thereotore, the ciack gowth is retarded
ot the exit side of the mandiel. For a lange: crack, the crack tip is located outside the

offected region and the crack grows more or less uniformly through the thickness,

Figures 34 and 35 show the growth behavior of intermediate thru cracks from a 2. 2% cold-
worhed open hole and 2. 2% cold-worked close tolerance tastener holes with and without tastener
load transter in aluminum alloy plates subjected to 18 ksi tar-ticld loading. Similar results
for large initial cracks are presented in Figure 36, From Figures 34 through 36, one

can see that the growth of a thru crack emanating from a 2. 2% cold-warhed open hole is

slightly slower than the corresponding growth from the conesponding cold-woiked hole having

a close tolerance tastener.  The eftect of the 10°% tastener Yoad transter on crack wrowth
decreases with incteasing crack length. When the crack length is beyond 0.15", the load

.

transter elfect is completely negligible.

Figure 37 compares the growth rates of large thru cracks hom 2, 2%, 3.6% and 5. 4% cold-
worked open holes. As seen, the higher the level of cold working, the slower the
fatigue crack growth rate, Figure 38 presents a compatison ot the growth behavior

ot large thiv cracks hom s arieos hpes of fasterier hoios in 2219-T851 aluminum alloy plates

subjected to 18 ksi constant amplitude toading.

SAL-4V Beta Annealed Titanium Corner Crack Tests = The tasuits of titanium cotner -

cracked specimens tested under constant amplitude 40ksi tar -field loading are presented in
Figures 39 tiwough 44. Figuie 39shows the @ owth behaviar of small cotnes cracks from an
open and ¢luse tolerance fastener holes. The experimental data scatter of two duplicate
tests foi the apen hole specimenlooks fairly large. However, most of the diflerence oceus in
the 1egion of small crack length only. When the crack length extends hom smatl to inter -
mediate size, such scatter becomes very small and the growth behavior is exactly what

one would expect from the linear elastic fracture mechanics point of view, i.e.. o crack

at a leaded fastener hole grows taster than the cavresponding ones at an open hole and on un-
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loaded close tolerance tastener hole as shown in Figure 40, Figure 41 shows the growth
patterns of intermediate corner cracks from three different levels of diametrical interference
{0.0034", 0.0042" and 0,0050") in titanium plate. Based upon surface measurements
and the final crock dimensions measured from the opened crack surfaces, one may conclude
that the level of interference (between 0,0034" and 0,0050") does not have a significant
influence on the crack growth from interference-fit fastener holes. This phenomenon has
also been robserved for the aluminum material, The effect of fastener load transfer on the
growth of intermediate corner cracks from 0.0042" and 0,0050" interference-fit fastener
holes is shown in Figure 42, As can be seen, with fastener lood transfer, the growth of
the crack is slightly slower on the plate surface. The some behavior was observed in the
test-of aluminum specimen A-CA-3. Results for intermediate corner cracks

~ emanating from 1,6% cold-worked holes with various types of fastener-hole conditions are
shown in Figure 43, With fastener load tronsfer, the crack growth rate is higher as antici-
pated. Cracks at cold-worked open holes grew practially at the same rate as their counter-

parts in holes with the same level of cold work but filled with close tolerance tasteners.

Similar to the aluminum material, all titanium corner crack test holes were opened after the
tests and the final dimensions (both surfoce and hole wall) of the cracks were measured.
These measured values have been included in the appropriate figures. The final crack
lengths ot all the available test holes, which include both oluminum and titaniumr materials,

'cte-ralso tabuiated in Table 31.

One unique feature observed from Table 31 is that for almost all interference-fit fastener holes,
the final dimension on the surface is consistently larger than the corresponding one on the
hole wali. However, for cold-worked and straight reamed holes, the final crack length

on the surface is smaller than the corresponding one on the hole wall,

Figure 44 compares the growth behavior of intermediate corner cracks from various types
of fastener holes in 6AL-4V beta annealed titanium alloy plates subjected to a constant

amplitude loading of 40 ksi and R - 0.1, As seen from the fiture, the growth of a carner

crack is the slowest at an interference~fit fastener hole, followed by a cold-worked hole,

close tolerance fastener hole and open hole.
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6AL -4V Beta Annealed Titanium Thru Crack Tests = The experimental results for the
titanium thru crack specimens tested under 40 ksi constant amplitude loading and R = 0,1

are presented in Figures 45 through 52. Figure 45 shows the growth characteristics of small
thru cracks from an open and close tolerance fastener holes with and without fastener lood
transfer in 6Af-4V beta annealed titanium alloy piotﬁ. As previously mﬁnﬂoned, the
amount of fosrener- load transfer was chosen so that the ratio of the resulting bearing siress
and the far-field applied stress was about 1.0, Therefore, the percentage of Hie applied
loud which was transferred thiough the fastener was dependent upon the fastener hole diam-
eter and the width of the specimen. For a 4" wide specimen, the amount of lnad transferred
through the fastener was about 10% in each loaded aluminum speciman and 7% in each
loaded titanium specimen due to the difference in hole diameters. Therefore, the effect of
fastener lood transfer on the crack growth rates in the titanium specimens was not os severe
as in the aluminum specimens. This is reflected in the results shown in Figure 45. Figure 46
shows the growth of small and intermediate thru cracks from levels 1 and 3 (0.0034" and
0.0050") interference=-fit fastener holes in titanium plates subjected to 40 ksi constant ampli-
tude loading. For crack lengths larger than 0.05 inch, the growth rates are practically the
some for bath levels of interference=-fit fastener holes. Figure 47 shows the growth behavior
of small thru cracks from level 2 interference-fit fastener holes with and without fastener
load transfer in titanium plates. The results of these tests indicate that the crack growthrate
decreases considerably with fastener lood transfer. After reexamination of the test records,
it was found that both load transfer specimens (T-CA-11 and T-CA-12), each containing
three interference-fit fastener holes (see Table 15), failed in the grip section. Because of
the damage in the grip section, the effective load ine crack tip experienced ceould be for
less than planned, resulting in much slower crack growth. The crack growth rates of level 2
interforence-fit fastener holes without fastener load transfer are very comparable to those

shown in Figure 46 for levels 1 and 3 interference~fit holes.

The results of the constant omplitude tests for the titanium specimens containing thru-cracked
cold-warked holes are presented in Figures 48 through 52. Figure 43 shows the crack growth
of six thru cracks from level 1 cold-worked open holes in titanium plates subjected to 40 ksi
constant amplitude far-field loading. The initial crack lengths used in these tests included
small, intermediate and large cracks. The origins of each data set having initially inter-

mediate and large cracks are-so located that the estimated time required to grow the crack
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from smoll initiol size to the largest crack length obtained during these tests will be con-
servative. Similar results for thru crocks from level 1 cold-worked clase tolerance fas~-
tener holes with end without fastener load tramsfer are given in Figures 50 and 49, respec-
tively. As seen from Figures 48 through 30, the effect of initial crack size on the growth
behavior of thru cracks from various types of level | cold-worked holes is fairly small.
For a neat-fit hole having fastener load transfer, the crack grew somewhat faster than the
corresponding crack at a neat-fit hole without fastener load transfer. However, the
crack at an open and neat-fit ccld-worked hole shows practically no difference in growth
rate. Figures 51 and 52 show the growth behavior of thru crocks for two higher lovels of
cold working for open holes. For a large initial crock, the growth rate of the first small
increment of growth is considerably smaller than the carresponding growth rate extended
from a small initial crack. This growth characteristic was not observed in the tests of the

lowest level of cold-worked holes.

3.2 Bomber Spectrum Load Tests

2219-1851 Aluminum Corner Crack Tests - The results of the corner crack tests for the

aluminum specimens subjected to standard severity bomber spectrum loading are presented
in Figures 53 through 60. Figure 53 shows the growth behavior of small corner crocks from
an open hole aond clcse tolerance fastener holes with and without fastener !oad transfer.
Similar data obtained from the testing of large initial cracks reported in Reference 2 are
alse included in the figure. These large crack data extend the small crack data generated
under this program quite well. As anticipated, the crack grew faster from the loaded fas-
tener hole than those from an open hole and close tolerance fastener hole without fastener
joad transfer. Figure 54 compares the crack growth of intermediate corner cracks for three
different levels of interference~fit fastener holes in 2219-T851 aluminum alloy plates sub-
jected to the bomber spectrum loading. The levels of diametrical interference used in the
bomber spectrum lood tests are exactly the same as those used in the constant amplitude
load tests. Two data points reported in Reference 2 from the testing of a large corner
crack emanating from o level 2 interference-fit fostener hole are also included in Figure
54_. The trend of the data clearly shows that the larger the amount of interference, the
slower the fatigue crack growrh rates. Figure 55 shows the effect of fastener lood transfer

on the crack growth behavior of intermediate corner cracks from level 2 interference-fit
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fastener holes in aluminum specimens subjected to the bomber spectrum loading. One
set of test data generated in Reference 2 is aiso shown os solid star symbols in the figure.
The growth charocteristics of intermediate corner cracks from various types of level |
cold=-worked holes in 2219-T851 aluminum alloy plates subjected to the bomber spectrum
loading are shown in Figure 56. The crock at the looded cold-worked hole grew the
fostest, followed by the neat-fit cold-worked hole and then the cold-worked open holes.
A similar trend was observed in the constant amplitude tests of cold-worked fastener
holes. Figure 57 compares the crack growth of intermediate corner cracks from level 1
and level 2 cold-worked open holes. Comparisons of the growth behavior of corner
cracks from two different levels of cold-worked open holes ond compatible levels of
interference-fit fastener holes are shown in Figures 58 and 59. Considering the scatter
of experimental test data, the growth rates are practically the same for intermediate
corner cracks from the same level of cold-worked hole ond interference-fit fastener hole.
These growth rates are slower than the corresponding rates at straight shank reamed holes
without preconditioning as given in Figure 60.

2219-1851 Aluminum Thru Crack Tests - The results of the tests for thru=cracked aluminum
specimens subjected to the bombe: spectrum loading are given in Figures 61 through 69.
Figure 6] shows the growth behavior of small thru cracks from an open hole ond close

tolerance fastener holes with and without fastener load transfer in aluminum plates sub-
jected to the bomber spectrum loading. The growth of intermediate thru cracks from
interference-fit fastener holes for three different levels of interference is shown in Figure
62, in which the growth of a crack ot a level 3 interference-fit fastener hole grew some-
what faster thon the corresponding crack at o level 2 interference-fit hole obtained from
a different specimen. Figure 63 compares the crack growth of intermediate thru cracks

from level 2 interference-fit fastener holes with and without fastener load transfer.

Figures 64 through 66 present the results of five similar tests on aluminum specimens con-
taining level 1 cold-worked open and close tolerance fastener holes with and without
fastener load fransfer, respectively, subjected to the bomber spectrum looding. Data
scatter is lorgest when fastener load transfer is present. In general, for o same type of
fastener—hole condition, data scatter increases with decreasing initial crack length. The

growth rates for cracks originating at cold-worked open and close tolerance fostener holes




aore practically the same, while cracks at loaded fastener holes have foster growth rates.
Figure 67 compares the crack growth of large thru cracks from tree different levels of
cold working for open holes in 2219-T85! aluminum alloy plates subjected to the bomber
spectrum loading. As seen from the figure, when the level of cold working increases,
the crack growth life increases. The crack growth of intermediate thru cracks from

level 2 interference-fit and level 2 cold-worked holes are compared in Figure 68.

Figure 69 summorizes o comparison of the growth charocteristics of small thru cracks from
various types of fastener holes in 2219-T851 aluminum alloy plates subjected to the
bomber spectrum loading. It is clear that both cold working and diametrical interference
have offered a significant benefit by retarding the fatigue crack growth under the bomber
spectrum loading, especially when the crock length is less than 0,15 inch.

6Al1-4V Beta Annealed Titanium Corner Crack Tests = Figures 70 through 76 show the growth

behavior of corner cracks from various types of fostener holes in 6A1-4V beta annealed ti-

tanium plates subjected to the bomber spectrum loading. During the testing of specimen no.
T-BS-1, which contains an open hole and close tolerance fastener both with and without
fastener load transfer, the crack at the loaded close tolerance fostener hole grew much
faster than the other two holes after the crack extended from 0.01 inch to about 0.1 inch,
The test results of large cracks reported in Reference 2 are also included in Figure 70 for
straight reomed holes and in Figure 71 for fevel 1 (0.0034 inch diometrical) interference-
fit fostener holes. Figure 72 compares the growth behavior of intermediate corner crocks
from interference-fit fastener holes for three different levels of interference in titanium
alloy plates subjected to the bomber spectrum looding. As seen from Figure 72, the
craocks for the two higher levels of interference grew much slower than the corresponding
cracks for the level 1 interference which showed a large omount of data scatter. The
results of duplicate tests for intermediate corner cracks from level 1 cold-worked open
holes and close tolerance fostener holes with and without fastener load transfer are shown
in Figure 73. The cracks grew fostest for the loaded fostener holes. The crocks ot the
cold-worked open and close tolerance fastener holes without fastener lood transfer showed
zomparable growth rates. When the amount of cold working increases, the fatigue crack
growth rates decrease. This is reflected in Figure 74, which shows the growth of inter-
mediate corner cracks from cold-worked open holes for three differant levels of cold work-

ing in titanium alloy plates subjected to the bomber spectrum loading. Comparisons of the
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crack growth behavior of intermediate carner cracks from the comporable cold-worked
holes and interference-fit fastener holes ore shown in Figures 75 and 76. In general,
dato obtained from the testing of cracks from interference~fit fostener holes show o

larger amount of scatter than data for cold-worked holes.

6AL-4V Beta Annealed Titanium Thru Crack Tests = The results of the thru crock tests for
titanium specimens subjected to the bomber spectrum loading ore presented in Figures 77

through 84, Figure 77 shows the crock growth behavior of small thru cracks from an

open hole and clate tolerance fastener holes with and without fastener lood tramsfer in
6AL-4V beta onnealed titanium alloy plates. Figure 78 compares the growth behavior of
intermediate thru cracks from both level 2 and level 3 interference-fit fastener holes.

The test dato show that the cracks at the higher level of interference grew slower than the
corresponding cracks ot lower level of interference. Specimen No. 7-85-10 contoined
intermediate thru cracks at three level 2 interference-~fit fostener holes. One of the
holes hod fastener load transfer. When this specimen wos subjected to the bomber spec-
trum lood, the crack at the loaded hole grew slower than the crocks at the other holes,

as illustrated in Figure 79. The other two test holes show practically no difference in
growth rates. Figures 80 to 82 show the results of four similar tests on titanium specimens
containing small to large initial through cracks ot o level 1 cold-worked open hole and
close tolerance fastener holes with and without fastener lood fransfer, respectively. The
data scatter is relatively small in comparison to that of interference-fit fastener holes.
From these three figures, one can see that the cracks at the cold-worked holes having
fastener lood hanster grew faster than the corresponding cracks at the cold~worked open
holes, while the cracks at the neat-fit cold-worked holes grew the slowest. The growth
behavior of large thru cracks from three different levels of cold warking in titanium plates
subjected to the bomber spectrum loading is shown in Figure 83. The trend of the crack
growth behavior is exacty os anticipated, i.e., the higher level of cold working results
in the slower fatigue crack growth rates. Figure 84 compares the growth of intermediate
thru crocks from level 2 cold-worked open holes and level 2 interference-fit fostener
holes in titanium alloy plates subjected to the bomber spectrum loading. The growth rates
for these two different types of preconditioned fastener holes are practically the same.

3.3 Fighter Spectrum Lood Tests

2219-T851 Aluminum Corner Crack Tests - The results of the tests for the aluminum corner

cracked specimens subjected to c standord severity fighter spectrum loading are presented
30
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in Figures 85 through 89. Figure BS shows the growth behovior of small corner crocks

from an open hole and close tolerance fastener holes with and without fastener foad trans-
for. Dota obtoined from the testing of initial large corner cracks reported in Reference 2
are also included in the figure. The growth rates of the crocks at the open hole and the
close tolerance fastener hole having about 10%: fastener lood tronsfer are about the same,
while the crock ot the close tolerance fastener hole without fastener lood transfer shows
significantly siower growth rates than the other two. Figure 86 shows the crack growth
behavior of small ond intermediate corner cracks from interference-fit fastener holes for
three different levels of interference in aluminum plates subjected to the fighter spectrum
looding. These test results include two intermediate corner cracks from level 2 inter-
terence-fit fastener holes having about 10% fastener load transfer. As seen from this
figure, the higher the omount of diamelrical interference, the siower the fatigue crack
growth rate. Also, o small amount of fastener load transfer results in fasher growth rates,
Figure 87 shows the growth choracteristics of intermediate corner cracks from vorious types
of level 1 cold-worked fastener holes in aluminum plates subjected to the fighter spectrum
loading. Figure 88 compores the test results of intermediate corner cracks from level |
cold-worked holes and level | interference-fit fostener holes. The growth rates obtained
from the tests of crocks ot these two different types of preconditioned fastener holes are
approximately equal. However, these growth rates are considerably slower than the corre~

sponding rates at straight reamed open holes os shown in Figure 89,

2219-T851 Aluminum Thru Crack Tests = The results of the tests of aluminum thru crack

specimens subjected to the fighter spectrum loading are presented in Figures 90 through 97,
Figure 90 shows the growth behavior of intermediate thru crocks from an open hole and
close tolerance fostener holes with and without fostener load transfer. The cracks et the
open hole ond unloaded neat-fit fastener hole show practically the some growth rates,
while the crack ot the looded neat-fit hole grew much foster than the others. The crock
growth behavior of intermediate thru cracks from interference-fit fustener holes for three
differant levels of interference in aluminum plates subjected to the fighter spectrum load-
ing is shown in Figure 91. When the amount of diametrical interference increases, the
fatigue crack growth rates decrease rapidly. The data scatter obtoined from the tests of
four level 3 interference-fit fastener holes is foirly lorge s con be seen from Figure 92,
Similar results obtained from five separate tests of initially small 10 large thru cracks from

various types of level 1 cold-worked holes are shown in Figures 93 through 95. In general,
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this dato scotter is considerably lorger than that from oll other tests. After the testing
was completed, the crack surfaces were opened. Typical markings on the crock surfaces
ore shown in Figure 96. Based on the examinotion of the fiacture surfaces, it is believed
that, when the initicl crock length is small (well within the residual compressive zone
resulting from cold working the hole), the influence of the residual compressive stresses
is stronger than the retordation effect created by the tersile overlood during the applica-~
tion of the fighter spectrum lood, However, when the initial crack length is large, some
acceleration occurs during the first few increments of crack growth, followed by slower
growth. The markings of the crack surfoce for the initially lorge crack (Figure 96)
clearly show that the spacings of the first three markings, corresponding to the first three
blocks of flights of the fighter spectrum loods, are wider than the subsequent ones. Eoch
block consists of six flights. After the application of the first 18 flights, the retardation
effect due to the high overload plays more and more an important role than the residual
compressive siresses created during the cold working operations. After the first few incre~
ments of crock growth, the subsequent growth of the crack becomes stable, ond the growth
behavior is more or less what one would anticipate. Such growth behavior was not ob-
served during the bomber spectrum load tests. This moy be because the fighter spectrum
has o higher overiood ratio than that of the bomber spectrum, Figure 97 shows the growth
behavior of small thru cracks from three level 2 cold-worked open holes in aluminum speci-

mens subjected to the fighter spectrum loading.

6AL-4V Beta Annealed Titanium Corner Crock Tests - The results of the corner crack tests
for 6AL-4V beta annecled titanium alloy plates subjected to the fighter spectrum loading
are presented in Figures 98 thwough 102. During the testing of specimen T-F$-1, the crock

ot the loaded clote tolerance fustener hole grew much faster than the cracks ot the other
two test holes. The specimen failed through the first test hole before enough data could be
obtained on the other test holes. The results of this test are shown in Figure 98. Figure 99
shows the growth behavior of intermediate corner cracks from interference-fit fastener
holes for three different levels of interference and Figure 100 shows similar results of inter-
mediate corner cracks from level 2 interference-fit fmstener holes with and without fastener
load transfer in titanium olloy plates subjected to the fighter spectrum looding. The data
presented in these two figures show o foirly large amount of scatter and no consistent relo-
tionship can be established between the level of interference and its associated fotigue
crock growth rate. Test results obtained from the testing of corner crocks from various
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cold-worked fostener holes are lhé,vvn in Figures 101 oand 102. For the some level of
cold working, the crack of ¢ 1boded hole grew comlstentiy fatter thon the corresponding
cracks ot on open hole and unloaded neat-fit hole. The results shown in Figure 102
indicate that, when the amoun? of cold working increates, the ossociated fatigue crack
growth rates decrease.

6AL-4V Beta Anneoled Titanium Thru Crack Tests ~ Figures 103 through 109 present the
results of thru crack tosts on titanium specimens subjected to the fighter spectrum looding,

Figure 103 shows the growth behavior of small thru cracks from an open hole and

close tolerance fastener holes with and without fostener load transfer. After the opplication
of 325 flights on specimen T-FS~-9, which contained three interference-fit fastener holes
hoving initially small thru cracks, all three cracksshowed practically no growth. It is believed
that the maximum effective stress intensity foctors for these small crocks was below the thresh-
old K ..+ Figure 104 compores the crack growth of intemediate thru cracks from level 2
interference~fit fastener holes with and without fostener load transfer, while Figure 105
presents the results of four tests of small to intermediate thru=cracks from level 3 inter~

ference-fit fustener holes in titanium alloy plates subjected to the fighter specirum looding.

Tte crock growth behuvior of small to large initial crocks from level 1 cold-worked holes
in 6AL-4V bels annealed titanium alloy plotes subjected to the fighter spectrum loading
is shown in Figure 106 for open holes ond in Figures 107 and 108 for close tolerance fos-
tener holes with and without fastener lood transfer, respectively. The amount of data
scatter is lorge, but it is not as large as the scatter obtained from the fighter spectrum
looding tests on the aluminum specimens. Figure 109 shows the growth behavior of inter-
mediate thry crocks from two level 2 cold-worked open holes. By comparing this figure
with Figure 106, it is clear thot increasing the amount of cold working leads to substan-
tially siower growth rates.

4, FRACTURE TESTS OF FLAWED COLD-WORKED HOLES

A failure criterion which could accurately predict the failure of flawed structures would be o
useful engineering tool for the evaluation of structural integrity ond the selection of materials.
Linear elastic fracture mechanics provides a one-parameter failure criterion, Ko for cracked
structures with small-scale yielding, However, for a crack emanating from o cold-worked

hole, due to the presence of the large plostic strains induced during cold-working process,
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it muy be that the foilure connot be choracterized completely by linear elastic frocture

mechanics.

Three specimens, each conteining various inital crack lengths ot level | cold-worked open

holes, were tested in the some manner as those used in the K tests, for both the 2219=T85!

oluminum and 6AL-4V beta annealed fitanium moteriols. The results of these tests are tobu-
lated in Table 32. ‘

5. THRESHOLD CRACK LENGTHS

it is generally uccepted that the stress intensity factor controls the rate of propagation
of o fatigue crack. Any cracked structure can be expected to respond in a predictable
manner to a givenloadcycle if its associatedstress intensity foctor is ovailable. Svcha
_ ~ response usually is in the form of an increment of crock growth. Therefore, for pre~

: — dictive purpases, the basic constant amplitude crack growth rote data is presented in

: 1& form of the instantaneous crack propagation rate, da/dN, as o function the stress
intemsity range, AK, In this relationship, there is o threshold value of 8K, say AK th
below which a cracked structure does not have measurable crack extension due to

fatigue cycling.

Nomally, the crock growth rate doto show seme scotter, and the least-square mean line
representation of all the test data is used to establish the da/dN vs. 8K reiationship.
For a given AK, the scatter of its associated growthrate normally will increase os the
volue of \K decreases, especiolly when \K approaches .\K'h. This is illustrated in
Figures 10 and 11. The volue of z\K'h
tests ranged frem 1.1 to 1,9 ksi/in. for the aluminum alloy, and from 2.8 to

observed during the baseline crack growth rate

in the crack growth tests, if the crack size is so small or the applied load is so low

thot the stress intensity factor range is smaller than '\Kth' one would anticipate that

the crack will not grow, and the growth behavior of such a crack would be essentially
the same as that of afatigue test without any intentional flow, In the duplication of such
a test, the daio scatter would be very large. Conversely, if the iesulting stress
intersity factor range is much larger than AK'h‘ the data scatter in the duplicate

tests would be small. The amount of data scatter increases as AK decreases and
approaches '\Kth' If the resulting AK is close to '\Kth' one may anticipate thot
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two identical cracks under the some loading condition might show o cdmpletdy different
growth behavior, e.g., one crock might grow in the some monner a3 o crock with o large

MK volue while the other identical crock might show proctically no growth,

Baied upon the above discussion, one may conclude that the stress intersity foctor range
is the primary parameter which conhols the growth patterrs of smoll cracks (small eracks
normally result in small AK values unless the opplied lood is abnormally high). This is
cleorly reflected in the dato generated undes the present test progrom. As discussed in
the previous section <ome cracks grew much faster than the others in the multiple~test-
hole specimens. Ai- Lugh efforts wete token to collect more data from these slower grow=
ing crocks, only limited success was ochieved. Insteod of eliminating these very limited
growth data, they are used in this section to establish the minimum flaw size such that,
under the same loading condition, the crack will not grow. From these dota, one can
qualitatively correlate the different fastener hole combinotions tested with the opproxi-
mate stress intensity foctor solutions.

The stress intensity factor for o given cracked geometry narmally depends upon the geom-
eiry, the size of the crock and the opplied load. However, for crocks emanating from in-
elastic fields such as cold-worked or interference-fit fastener holes, K olso depends upon
the level of cold work or interference, §.°d, the materiol yield strength, oy,

Young's modulus, E, ond Poisson's ratio, 1.  For a given crack geometry, the

stress intemsity factor con be written in the following general form:
K= U‘/_no ﬂT (n

where BT Is the total correction factor which, in generol, is comprised of the lineor
product of a series of correction factors, For a given fastener hole configuration, the

BT factor only varies with the crack length a.

For a given fastener hole configuration ond applied load, when the crack extends o
small increment Aa, it ossociated stress intensity factor con be determined from

thot of the previous increment by using Equotion (1 ), or

., v va Byla+Aa)
Koova :-'CHAO ! . K (2)
jatde \' a By () ‘a
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if an increment Aa is small in comporiton to the crack length o, then one moy assume
that the change of the total correction factor s negligible, ond Equation (2) con be
reduced ond reorranged as

172
[ ......._.....o &
Kfo (e +Ao) ‘ Kéo +Aa (3)
If the crack length o is close to the “threshold o” for o given constant emplitude lood
spectrum, then Equation (2) can be used 10 estimote the "threshold o" with o knowl~

edge of K, ond the opproximate K solution at crack length L from the following

equation: 2 0 2

K o )
th m
N c'm(K ) o )) )
m th

if the difference between o and o is very small, then the difference in the total
correction foch_ar, ﬂT, can be neglected and Equation (4 ) is reduced to
2

K
o'hzom(K—“l) ()
m .

The stress intensity factor Km moy be estimated from very slow crack growth test data
by using the fatigue~crack-growth method of calibrating the measured crack growth
rate, da/dN, and the stress intensity factor range, AK.

Table 33 shows the estimated threshold crack lengths using Equation (5) for both

comer cracky ond through cracks at various types of fastener holes in 2219-7851 aluminum

~ alloy plotes subjected to 18 ksi far-field loading. Similar results for 6AI-4V beta

onnealed titanium alloy plutes subjected to 40 Lsi for-field loading are shown in

Toble 34, The threshold values of the maximum stress intensity factors used in the
calculations are 1.7 ksi\ n. for oluminum, and 3.7 ksi\ n, for titanium, The

computed stress intensity factors for u through crack from an open hole using the estimated
threshold crack lengths ond Bowie's hole correction factors are 1.85 ksi/in. for the
aluminum spdcimens and 5,31 ksi/in for the titanium specimens., The computed Koy
agrees very well with the test dota forrrhe aluminum material, but is too high for the
titarium material. This is becar-e o, {0.022") measured in the test tor the titanium mate=-

rial is much lorger than ayy,+ 11 the Bowie foctors, Bl(om)f'a'l (ay),), were used to account
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for the large difference in the crack lengths, then the new computed L would be 0.0027"
which results in the stress intensity factor of 3.90 ksi \/in. This value agrees very well with

the data.

Based on the computed threshold crack lengths for the far-field stresses used in the test

program, the following conclusions may be drawn:

1)  For the some fastener hole configuration, values of 9%, for through cracks are

smaller than those for part=through cracks.

2) For the same type of crack, values of o for fastener holes having residual strains,
such as interference-fit or cold-worked holes, are larger than those for recmed
holes without residual strains. Values of @, increase with an increase in the
amount of fastener-hole interference or cold working, especially for aluminum

specimens.

3) For the aluminum specimens, the cold-working operation retards the propagation
of small cracks more efficiently than interference-fit fastener holes. However,
for titanium specimens, the interference-fit fastener holes perform slightly better

than ccld~worked holes in retarding the growth of small cracks.

1t should be noted that Oy does not depend upon the fastener-hole configuration alone,
but also upon the level of the applied lood. Therefore, it maoy not be too meaningful to
define 9 without coupling it with the applied loading.

If a procedure can be developed to represent a spectrum loading with constant amplitude
~ ing which produces an equivalent damage {crack growth), then the aforementioned
‘pproach can be used ic determine the threshold crack length for any fostener hole con-
tiguration subjected to spectrum loading. For any flawed fastener hole, if the initial
flaw size is smaller than the threshold crack length for a given load spectrum, then one
may anticipate that the flawed fostener hole will behave practically in the same manner
as a fasiener hole without an intentional flaw when subjected to same spectrum fatigue

loading.
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SECTION V
ANALYTICAL PROGRAM

This section contains two steps for estimating an opening mode stress intensity factor
for a given crack geometry, hole condition, ond load combination. The first step de-

scribes and illustrates the procedures used for obtaining the unflawed elastic-plastic

stress field for interference-fit fosteners and cold-worked holes subsequently subjected
“to uniform far-field stress with and without fastener looding. The second step summarizes

the stress intensity factor solutions for cracks emanating from fastener holes presented in

-A
3

Figure 1. Possible failure criteria for cracked cold-worked holes and crack growth pre-

dictions are alio presented,

1. STRESS ANALYSIS FOR UNFLAWED FASTENER HOLES
| 3 Cracks or crack precipitating flaws will be introduced in aircraft structure either during
manufacturing or service which, later on, create fatigue problems. The majority of
' such structural problems can be traced to fastener joints where high stress concentrations
are located. In order to improve the fatigue (or crack initiotion) life, fastener systems
i using the concept of beneficial residual stresses have been used in more sophisticated
%? aircraft design practices. The concep! is that somelime during the fastener installation -
- ! and hole preparation processes, some form of interference is iniroduced to induce fatigue -:
E improving residual stresses around the fastener hole. Such fatigue improvement fastener k
I systems can generally be classified in one of the following two classes: )
¥ P
_~ 1) Interference-fit fasteners in which the fastener shank is pressed into a hole i
g

- smaller in diameter than the shank, ond

it i

2) Cold-worked holes in which an oversized mandrel is pulled through a fastener

hole, cold working the hole in the process,

T0tia e e

The finite element displacement method was principally used to abtain the unflawed stress

listributions for the test specimens containing such interference~fit ond cold-worked
astener holes used in this program. The computer program, INLAP, a modified version

f the one reported in Ref, 4, analyzes a structural mode! for plane stress plastic deformation




occurring as a result of concentrated forces applied at the joints of the finite element

model and/or imposed joint displacements. The nonlinear (plastic) behavior is approxi-

mated by an incrementa! iterative schema described fully in the referenced report.

Briefly, this scheme consists of the following:

(o) an increment of load (and/or displaocement) is applied to the model;
(b) all model joint displacements are computed and element stresses found;

(c) each element is then checked (ven Mises energy-of-distortion) to determine

if yield (plostic deformation) has initiated, or if once initiated is continuing;

(d) plostic strains are estimated for those elements past yield from either bi-lineor

2
i
¥
!
3
g
- N
4
b
P
4
3
i
3
1
3

(see Figure 111), Ramberg-Osgood or Goldberg=Richard uniaxial stress=strain :
curves and the Prandti~Reuss flow law, E
(e} with the load increment held constant and with the new estimated values of the §
plastic strains, the cnalysis is iterated through steps (b), (c), and (d) until the j
changes in plastic strains from the previous iteration all are smaller than a
user-set convergence toleronce, :

(f) the load increment is increased {decreased if unloading of applied loads/dis-
placements is studied) and steps (a) through (e) are repeated.

Step (f) is continued until all loads/displacements are applied (or removed) from the

finite~element model.

For the analyses of the specimens tested during the period of this contract, the computer
program, INLAP, was changed to allow an analyst to apply a sequence of sets of loads
and/or displacements to the structural model of the test. Thus, analyses which closely
corresponded to the laboratory sequences were performed. For instance, the single
progrom execution sequence used to calculate the stresses for the cold-worked hole tests

consisted of three distinct steps. In the first step, a radial expansion, representing the

insertion of the cold-working mandrel/sleeve combination, was imposed onto the joints

defining the hole in the finite-element model of the doubly symmetric test specimen as

shown in Figure 110 which consisted of 232 nodes and 377 constant strain triangular
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i elements. In the second step, the equivalent rodial forces necessary to produce the
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hole expansion (Including plastic deformation) were computed, the hole displacements

P

imposed in step 1 were removed, ond the equivalent forces (applied to the appropriate
joints around the hole) were then relaxed (unloaded) to zero. Steps | ond 2 simulated
the expansion-reloxation sequence of a hole in o typical specimen. In the third and

last analysis step, with the hole edge unloaded, upward-vertical loods were applied

and then relaxed along the top edge of the model of Figure 110 to represent the applica-

L WesE e LI .

i tion of uniform uniaxial tension fatigue cycles to the specimen. At convenient incre-

' ments in all three steps of the analysis sequence, model element stresses were computed

and printed. The cyclic stress-strain relationship used for the aluminum alloy models

is given by the curve on Figure 111, The actual bilinear representation used in the

analyses is indicated by the dashed lines on that figure. For the titanium models, o

similar curve wos used with an initial elostic modulus of 21.08 x 0% psi, a plostic mod- :
ulus of 8,733 x 10 psi, and a yield stress of 125,300 psi. The unloading branch of the
titanium curve was assumed to have the some moduli with reverse yielding occurring at

~125,300 psi.

For both the aluminum and titanium specimens, the extent of the residual compressive
tangential stress zone existing around the hole as o result of the cold-expansion/relaxa-
tion sequence and the effect of the applied uniaxial tension fatigue cycles onto that zone

were established for three cold expansion levels. These results are summarized in Table 14.

Two Important test modifications to the cold~work uniaxial stress sequence were to insert

either an unloaded neat-fit (close tolerance) fastener or a loaded (i.e., 10% load transfer

for aluminum specimens, 7% load transfer for titanium specimens) neat-fit fastener into
the specimen hole prior to the application of the axial load fatigue cycles. To account
for these inclusions, bar (axial) elements linking the geometric center of the hole and the

nodes defining the hole edge were added to the finite element model. Also, to analyze

; o S 1%y

the load transfer cases, which are not doubly-symmetric, a new model, constructed by
adding a mirrored-reflection lower-half to the model of Figure 110, was used. For both

loaded and unlooded fastener cases, tria! analyses were made to establish which bars were

in compression, All those in tension were removed from the model, and, therefore, only

fastener bearing was characterized in the stress distributions. The analysis sequence used
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to study the neat-fit fastener specimens was identical to that used for the opsn-hole
specimens, as described above, except in the following two ways. During the applico-
tion of the uniaxial stress, the joint at the center of the hole, where all the bars inter-
sected, was (1) restrained horizontally (summetric displacement condition), and, for the
load tronsfer cases, was (2) loaded with o downward vertical force equal to haolf of the
total load transferred. Results of these analyses are shown on Figures 112 through 124,

The last sequence studied was that in which the test specimen had on Interference-fit
fastener installed followed by the upplication of uniform axial stress fatigue cycles. To
simulate the interference-fit fastener, and to determine the resulting residual stresses,
the mode! of Figure 110 was modified in a manner similar to that reported in Ref, 5. The
fastener was represented in the model by a double ring of elastic triongulor elements
lining the inside of the hole. The stiffnesses of these elements were collectively chosen
to be equivalent to the stiffness of the solid fastener. As the first step in the onalysis
sequence, an internal pressure sufficient to expand the ring - if it were externally un-
restrained - to the original diameter of the uninstalled fastener was applied incrementally
to the inner edge of the ring. Holding the internal pressure fixed at its full value, the
second step was then to apply and relax a uniform uniaxial stress across the model's top
edge. Three different levels of interference were studied for each aluminum and titanium

alloy in the cbove manner. The results are shown in Figures 125 through 133,

The following, are comments concerning the significant trends and conclusions derived

from the results of the unflawed stress analyses.

Figures 112 to 124 present the results of the unflowed and flawed stress distribotions
computed using the elastic-plastic finite element procedure described above for various

types of cold-worked holes. Similar unflawed results are presented in Figures 125 to 133

for interference~fit fastener holes for variable levels of interference. Figure 112 shows

the unflawed stress distribution along the x=axis in 2219-T851 aluminum plate caused by
2% cold working ond subsequent 1,8 Ksi and 18 Ksi far-field loodings. Figues 113 and
114 show similar stress distributions at a 2% cold-worked hole with initial crack lengths
of 0.0125" and 0.0525", respectively, before cold working. These stress distributions
show almost no change with the introduction of an initial crack ( 0.05") before cold

working, except in the small region next to the hole wall. The mognitude of the
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compressive residual hoop stress decreases slightly if o crack is introduced before the
cold working operation. Similar stress distributions for 4% und 5% cold-worked open
holes, without an initial crack, are shown in Figures 115 and 116, respectively, As
seen from these figures, the extent of the compressive zone is inureased with an increase
in the percentage of cold working., Figure 117 compares the unflowed stress distributions
along the x-oxis in aluminum plates caused by 2%, 4% and 5% cold working with the
subsequent application of 18 ksi far-field uniaxial tension loading. Figure 118 shows
the similar stress distributions at various types of 2% cold-worked holes (i.e. open, close
tolerance fastener holes both with and without fastener load transfer). Figure 119 shows
the effect of the level of cold working on the stress distributions of loaded cold-worked

fastener holes.

As seen from these figures, when the amount of cold~working increases, the extent of the
compressive zone in the vicinity of the hole increases and the maximum tensile stress is
located farther away from the edge of the hole. However, the mognitude of the maximum
tensile stress does not change. Similar resulis obtained in the titanium plates coused by
2%, 4% and 5% cold workings ond subsequent 4 ksi and 40 ksi far-field loading are shown
in Figures 120 through 122, Except for the mognitude of the stress, the trend of these dis-
tributions is very similar to that of the aluminum matericl. Figure 123 compares the un-
flawed stress distribution at various types of 2% cold-worked holes (i.e, open, close~
tolerance fastener holes both with ond without fostener load tronsfer) in titanium plates
subjected to 40 ksi unixial tension far-field loading, There is practically no difference

in stress distribution at cold~worked open and unlooded neat-fit holes. However, when
10% of the far-field applied load is reacted through the fastener, the maximum cnd the
minimum stresses increase slightly, Figure 124 shows the stress distribution along the x-oxis
in 6Al-4V beta onnealed titanium plates caused by 2, 4 and 5 percent cold working with
subsequently applied 40 ksi far-field tension and 10% fastener load transfer,

The unflawed stress distributions obtained from the elastic-plastic finite element anclyses
for the levels of diometrical interference used in the test progrom are presented in Figures

125 through 127 for the aluminum material, and 128 through 130 for the titonium material.,

The results obto-ied for the aluminum material are replotted in Figures 131 to 133 to show

the effact of the level of interference on the stress distribution,
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Based on the current unflawed stress onalyses, the following 3 vbservations are made:

1) Due to the installation of an interference~fit fastener alone, the tangential
residual stress at the edge of the hole decreases as the level of interference
increases, The peck tangential stress is the same for each level of interference

but is located farther away from the hole as the level of interference increases.

2) When the far-field lood is applied subsequent to the installation of an inter-
ference-fit fastener, the peak resultant tangential stress is located farther away

from the hole and the peak remains proctically the same for each level of

interference.

3) When the far-field loading is removed, the residual tangential stress ot the edge
of the hole is nearly the same os the one caused by the interference alone. How-
ever, the peak tangent residual stress decreases slightly and is located farther
away from the hole than the one caused by the interference only. This phenomenon
is considerably different from those obtained using an elastic-perfectly plastic
analysis, which predicts a sizeable decrease in the residual tangential stress at

the edge of the hole (]7'20).

2. APPROXIMATE STRESS INTENSITY FACTOR SOLUTIONS

2.1 Introduction

The stress intensity factor, which generally depends upon crack length, remote loading
and structural geometry, has been employed to characterize the severity of the crack=tip
stress field. To date, there has been much useful work done on the problem of deter-
mining reliable stress intensity factors for cracks emanating from fastener holes, Almost
all of these analytical determinations are based upon modifications of a solution obtained
by BOWie(é) for cracks emanating from a circular hole in an infinite elastic sheet. For
cracks emanating from an inelastic field near a fastener hole, such as produced by an
interference~fit fastener or a cold~worked hole, the stress intensity factors could be

(7-10)

. Both techniques require a knowledge of the

estimated by using the weight function approach as discussed by Bueckner or the

reciprocal theorem proposed by Rice(‘ n
unflawed stress distribution in the region of the hole, Paris et °|(l2) has combined these

techniques with the finite element method to develop a weight function for the single

edge cracked strip.
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(8,13) (14)

The closed form expressions for the weight function for edge cracks . center cracks
and collinear crocks“o) in o wide ponel are available, But, tha closed form weight function
for cracks emanating from a fastener hole is not available, Development of such o function
is very difficult, if not inpossible. Therefore, the weight function for o straight crack has
sometimes been used to astimate the stress intensity factor for radial cracks emanating from
a circular hole,uS'ln, for a large crack, where the influence of o fastener hole on the
stress intensity factor is small, such an apptoximation gives good results, However, for the
case of a small crack, say c/r £1.0, such an approximation could be significantly in error,
Grondt('s) used the reciprocal theorem due to Rice(‘ n to develop the following equation
which estimates the Mode | stress intensity factor, KI' for cracks smanating from any type

of circular fastener hole:

a
K|=/p.hdr= E— /p(x) gg dx )
r B
[+]

where p is the stress vector on the boundary; h is the weight function; 9 is the y~component
of the crack surface displacements; K 8 is the Bowie solution for the stress intensity factor;

ond E' is an appropriate elostic modulus: E' = E/(1 - v2) for plane strain and E for

generalized plone stress, Since the closed form expression for 1 as a function of the crack
length a is not ovailoble, it was determined by fitting an equation to the discrete dis-
placements computed using the finite element method for a series of crack lengths ranging
from a/r = 0.4 to o/r = 2,8, The stresses and strains computed using the conventional
finite element method may be fairly accurate. But the differentiotion of an opproximate

expression obtained by curve fitting finite element results may result in inaccuracies.

Two high-order singularity elements hove been developed at Lockheed-Georgia. One ‘,-‘
tokes only the symmetric terms in the Willioms' series and, hence, is opplicable only to }
symmetric problems (K, = 0); the other makes use of both symmetric and antisymmetric 3

terms and is applicoble to unsymmetric or mixed mode (K' and K") problems. The
efficiency and accuracy of thase elements has been demonstrated in reference (]9). in
order to obtain more accurate solutions for cracks emanating from o hole, the high~order
singularity element for symmetric problems was used to compute the Mode | stress-intensity
factor for a double-rodial crack emanating from on open hole and subjected to concentrated

loads on and perpendicular to the crack surface. The computed stress intensity facior was
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usad to develop the Green's function (equivalent to a nondimensional stress intensity
factor) for a double-rodial crack emanating from a circular hole. Once the Green's
function is avoilable, the Mode | stress intensity factos for cracks emanating from any
type of fastener hole can be calculated from a knowledge of the unflowed stress distri-

bution in the region of the hole,

2.2 Thru Crocks Emmutinlfm Fastener Holes

Figure 134 shows the scheme of the linear superposition method. The stress intensity factor
of problem a is equivalent to the sum of those of problems b and ¢. Since problem b

is crack free, the stress intensity factor of problem o is equivalent to that of problem c.

By idealizing the loading in problem ¢ as N discrete loads, PI;....;PN, the stress

intensity factor for o given crack length o con be computed from the following equation:
N

N
Klo) = Z K; = Z ko0 Py x) )
i=l i=1
where ki(xi,o) is the normalized stress intensity factor due to the i'h unit load applied
at location X;e For arbitrary distributed stress, 0, instead of discrete forces, Pi'

Equation (7) becomes

Q
K(o) = f kix,a) . ofx) dx
(+]

(8)
By defining G = k(o/d]/z ond £ = /o ond substituting them into Equation (8), one
obtains
1
Klo) =0_ /me [ o (&) Gla, & . d& )

where ao is the uniform far-field stress ond @ =a’o° is the normalized unflowed stress

distribution on the prospective crack surface.

For a straight crack subjected to two pairs of concentrated forces on the crack surface

as shown in Figure 135, the corresponding Green's function, G, is
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1/2 2

/2 W
o, D= 5@ <@ & e (10)

o *b)‘

The Green's function G, for o double radial crack emaonating from o circular hole and
subjected to two pairs of concentrated forces on the fracture surfaces, os shown in

Figure 136, can be obtained from the computed stress intensity factor using finite~element -
analysis with inclusion of the singularity element for various crack lengths o/r and b ‘a

ratios as follows:

SES T R an

Due to the limitation of finite element methodology, when the concentrated forces ‘_'il
were applied close 1o the crack tip, say b/a > 0.9, the corresponding Green's function
was obtained using the central crack solution in Figure 137, The Green's function
corresponding to this case is
] at 172 ,
. o . g_) . (1 +2) i (11a)
O-3* T &
The computed Green's function were then tabuioted as o function of a/r and b/a in
Table 35. For any a/r ratio different from those tabulated values, an interpolation

or extrapolation technique was used to obtain the corresponding Green's functions,

With a knowledge of the Green's functions, G, and the stress, o, on the prospective
crack surface with the crack absent, one can compute from Equation (9) the corres=

ponding stress intensity factor for ony radial crack from a hole.

R R T T

i i et

When crack face overlapping occurs or the applied force Pi' is in compression, the
computed K, in Equation (7) will become negative. Physically, it means the crack

surfaces are closed and react ogainst each other,

i :
o
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For a case where there is only one¢ crack emanating from o hale, instead of redevelop-
ing the associated Green's function, it was found thot the following equation will give
a good estimate of the stress intensity foctor:
| .
K, = '5'5 K (1)
one crack two cracks ,

where B; ond 52 are Bowie's factors for single and double cracks, respectively,

_Qg_gn Holes

To check the vaolidity and accuracy of the present solution, Bowie's closed-form solution

for a douhle radial crack emonating from on open hole in an infinite plate was employed.

()

By approximating the unflawed stress distribution as

=g (I + L )2+ 3(__...." )4 (3
% 2 (r +x 2% +x 1

the computed nondimensional stress intensity factors using Equation (9) for a double

crack emanating from an open hole subjected to uniaxial and biaxial uniform far-field

loading are presented in Figure 138. The corresponding Bowie's solutions are also in-
cluded in the figure, As can be seen, the current results ore within 2 percent of Bowie,
Similor results computed using Equations {9) ond (12) for o single crack emanating from
an open hole subjected to unioxiol and biaxial uniform far-field looding are presented
in Figure 139, As seen from this figure, estimation of the stress intensity factor for o

single crack from that of o double crock and Equation {12) ogrees excellently with that

of Bowie,

For the case when the applied for-field stress exceeds about one third of the material
yield strength, plastic deformation will begin at the edge of an open hole. The
extent of local yielding depends upon the applied stress, The stress intensity factor
compumd,. using Bowie's solution based on the purely elastic analysis, will be too
high. Insuch o cuse, the siress intensity factor can be estimated from the unflawed

stresses obtained from an elastic-plastic analysis and Equation (9).
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Lot f__ be the normalized unflawed stress distribution on the prospective crack surfoce
obtained from an elastic-plostic analysis, Then the stress intensity factor of o through

crack can be wr!.ten as

K= g.\/oH ‘ (14
where | 8 \ '
H=§; / ‘OP(E)G(Q'Qde 121, 2
4 (19

The foctor H, equivalent to the Bowie factor in the purely elastic case, occounts for
the hole effect when the local yielding occurs. Unlike Bowie's factor B, this factor
depends upon the far-field stress. Figure 140 shows the non-dimensional factor H for
three different levels of applied for=field stresses. As seen from the figure, when the
for~field stress increases, the corresponding nondimensional stress intensity factor H

decreasas, especially for a very short crack,

Close Tolsronce Fostener Hoies with and without Fastener Load Tronsfer ~

The stress distribution of an unloaded clote toleronce fostener hole in o plate subjected
to uniform far-field loading hat been studied by mony investigators. So has the problem
of a close tolerance fostener hole having 100% fastener lood transfer, For a cose where
the close tolerance fastener only transfers ¢ froction of the remote loading, the corres-
ponding stress distribution hos been calculated from those of the aforementioned two
cases via the superposition method illustrated in Figure 141,

The idealized problem of a remotely looded strip with a neot-fit rigid insert (fastener)

is an inherently nonlinear prablem. This is most easily demonstroted through the
observation that the contact surface cannot be prescribed in advanced but depends rather
on the solution and is usually determined by trial. The same nonlinear characteristics
apply when the sirip is loaded at only one end ond the load is reacted at the rigid insert
(100% lood transfer). The contact surface it more extensive in the latter case ond
occupies a different portion of the hole boundary. In view of these cbservations, ony

solution for fractional load transfer obtained vio the superposition of these two cases must
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be ngonlod o3 opproximate at bast, Whan the fastener is deformable, the validity of

" A detailed finite element mode! was used to compute the unflowed circumferential stress

at the edge of the hole using the superposition method is higher thon the stress using 3
~ the finite element method by cbout 2% for @ 30% load transfer case and 13% for a 75%

superposition is all the more suspect and moreover ony such opproximation is likely to
give poorest results on or near the hole boundory,

distributions along the plane perpendiculor to the load in o hole of o 7075-T6 aluminum
plote fitted with a 6Al-4V titanium fastener for various percentages of fustener lood
transfer ot Lockheed-Georgia. The width of the plate was 1,15 inches and the hole
diameter was 0.1875 inches (or a hole diameter to width ratio of 0,16), The computed
dimensioniess stress disﬁibuﬂon,is shown in Figure 142, The estimated unflawed siress

!ood ransfer case. . o '

Let fCT be the normalized unflowed siresses on the prospective crack surface. Then the
stress intensity factor for o through crack emonating from a close tolerance fastener hole

con be written as

K= Oo\,fﬂ . BCT (16) _
whete B. 1
ﬂC1=§-‘2 /fCT(OG(o.C)dE, i=l, 2
° (7

The nondimensional factor "cr is a function of crack length and the percentage of

fastener load transter.

The computer ﬁCT using the unflawed stresses shown in Figure 142 for a double crack
emanating from close tolerance fastener holer having various percentapes of fastener
load transter are shown in Figure 143, Bowie's solution for an open hole is also shown
in the figure as a dotted line. From this figure, one con see that the stress intensity
factor for a close tolerance fastener hole without load transfer is lower than that of on
open hole. However, when the amount of lood transfer increases, the siress intensity
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factor increcses ropidly, espevially for short crack lengths. The computed mudtmomiomral'
stress intensity factor at the edge of the hole is approximately 1.12 times the normalized
unflawed stress at that location. This agrees very well with the edge-crack solution,

The computed nondimensional stress intensity factors for o double through crock emanating
from on open ond close folerance fastener hole with and without 10% fastener lood trans-
fer are shown in Figure 144 for o 4~inch wide aluminum specimen and in Figure 145 for o
4-inch wide titanium specimen. The computed stress intensity factors for a single through
crack emanating from a close tolerance fastener hole with and without fastener lood trans-
fer are shown in Figures 146 and 147, respectively for titonium specimens, Test dato re-
duced using the fatigue crack growth method of calibrating K are also shown in the figures-

as symbols for comparison.

For the case in which the local yielding occurs ot the edge of the fastener hole due to -
high far-field applied loading, the corresponding stress intensity factors can be _oﬁmined
by using the previously described opproach and the unflawed stresses determined from an

elastic~plastic analysis.

Interference-Fit Fastener Hole = Slightly ov arsized fasteners are commonly qnp!'oyed' in

in structural opplicoﬁons-ro improve .atigue life. When a hole is filled with an inter-
ference-fit fastener, substantial plastic yiélding will occur around the hole. The extent
of plastic yielding depends upon the level of interference and the maé_nitude of the re-
motely applied looding. Based on the elastic-plastic finite element analysis, one finds
that the unflowed stress distribution along the x-oxis near the fastener for o plote~fastener
materiol combination is dependent upon the material yield stress 0o Young's modulus E,
Poisson's ratio v, interference level (8/d) and the remote load 0. For the case of a
crack emanating from on interference~fit fastener hole, a sizeable residual stress intensity
factor may exist even in the absence of the remots lood, Therefore, insteod of the remote
loading o_, the yield strength of the plate material, O should be used in the siress

intensity factor expression which may be written as
K= oys‘/;oﬂll’ (18)

where




1
%_ /. f": (g) G (0, a) d&, i = ‘, 2 (l(;)
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4

The f _ factor in Equation (19) represents the unflawed stresses on the prospective

I

crack surfuce normalized by the plate material yield strength, For a given material,

K teith il R R AR &y OO 1%[-«4&1 I - 1

the nondimensional factor ﬁlF is a function of the crack length, far-field load, and

the amount of fostener-hole interference,

Figure 148 shows the unflawed stress distributions for a 7075-T6 aluminum plate with

a steel interference-fit fastener coused by 0.004" interforence and subsequent edge

(20)

loading and unlooding . The computed stress intensity factors using these unflawed

stresses and Equations (18) and (19) are shewn in Figure 149, From this figure, one

sees that for a-'r < 0,5, when the far~field loading (25 ksi) is removed, the computed K

is less than zero. Physically, it means that the frocture surfaces are complietely closed

and compress vach other. The effective siress intensity factor range equals the Jiffer-

ence between curves 2 and 3. For a similar plate with an open hole subjected to 25

ksi tar=field loading, the corresponding K (aiso AK) is piotted in the same figure as

dotted lines for comparison purpases. For small crac’ lengths, the computed AK is

much smaller for an inte-ference-fit fastener halc 1 in an open hole. This explains why

the crack emanoting from on interference-fit faster  hole grows much slower than o

corresponding crack in an opan hole when the crack length is small. When the crack

length is longer than one half of the radius of the fostener hole, the computed stress

intensity factor becomes positive ofter the far-field applied load is removed. The ef-

fective cyclic-load ratio experienced by the crack tip is no longer the same as the far-

field opplied load ratio (which is zero in this case). When the crack length is longer

than 3 times the radius of fastenor hole, the effective stress intensity factor ranges are

about the some as those for an open hole. Based upon these computed siress intensity

factors, one may conclude that the beneficial effect of an interference-fit fostener on

retarding fatigue crack growth is the most significant when the crack length is small,

This beneficial effect decays as the crack length increases until the interfer nce-fit

fostener hole no longer retards the fatigue crock arowth, Such a limit der s apon the

amount of interference and the mognitude of the | -field appliad load. :oi the particular

exomple shown here, this limit crack length is about 3 times the hole radius.
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The unflowed stress distributions for interference-fit fastaner holes for three levels of

interference in both aluminum and titanium plates caused by uniform far-field loading
have been presented and discussed in Section V, paragraph 1. The normalized stress
intensity factors, ﬁ":, computed using these unflawed stresses and Equation (19) are pre-
sented as a function of crack length in Figure 150 for double through cracks emanating
from 0,0024", 0,0038" and 0,0060" interference~fit fastener holes in aluminum plates
subjected to 18 ksi far-field uniform loading. The corresponding stress intensity factors
<’ K ., ond

ma min
-Kmin' are shown in each figure. They are the computed stress intensity factors

computed using Equation (18) are shown in Figure 151, Three curves, K

max
corresponding to an 18 ksi far-field applied load, the removal of such load and the
difference between mese load cases, respectively, Asseen from the figures, there are
sizeable residual stress intensity factors }emoining upon the removal of the far-field
applied load, Although the far-field appliod load is constant in emplitude, the effective
stress intensity factor ratio, R .. =K . /K, at the crack tip is not constant. - This

. eff “min’ max

ratio varies with the crack length. The computed BIF and stress intensity factors cor-

responding to the application and removal of the 40 ksi far-field loading for double thru

cracks 'emonafing from interference-fit fastener holes having 0.0034", 0,0042" and 0.0050"

interferences in titanium plotes are shown together in Figures 152 and 153, respectively.
These results are similar to those for the aluminum material, One important feature
observed here is that, for the far-field lood applied in the tested specimens, the effective

stress intensity factor ranges, K -Kmin‘ are essentially the some for each level of

max
interference. However, the effective stress intensity factor ratio, Reff' does depend
upon the level of interference, as shown in Figures 154 and 155, which present the ef-
fective stress intensity factor ratic as a function of the nondimensional crack length, a/r,
for three levvels of interference. From these figures, one con easily see that for a crack
whose length is less thon about one rodius of the fastener hole, R ot decreases rapidly as
the amount of interference increases. When the crack length is greater than one rodius

of the fastener hole, Re increases as the omount of interference increases. However,

£F
such an increase is very small, For a given far-field loading, the implication is that when
a/r < 1. an increase in the amount of fastener hole interference will result in o slower
fatigue crack growth rate, especially for a very short crack. When o/r > 1, the fatigue
crack growth rate will be practicolly the same within the levels of interference studied

here,
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For the purpose of validating the analytical solution, o crack emanating from an inter-
ference-fit fastener hole in a plate subjected to constant amplitude far-field loading was
treated as a crack emanating from o fastener hole having no residual stress and subjected

to varying amplitude loads which produce the some BK g5 ond Reff' The predicted crack
growth histories, using the computed AKeff and Roff' ore compared with test data in
Figures 156 to 158 for s'ngle through-the-thickness cracks emanating from 0,0024, 0,0038,
and 0.0040 inch diametral interference-fit fastener holes, rapec'ive.ly, 1-1 2219-71851
aluminum alloy plates subjected to c?;)stant omplitude 18 ksi and R = 0,1 for-field loading.

The following crack growth equation’ ' was used in the predictions:

g_:T s e (Kmux ) Kth)m (86" 0

where ¢ = 0,34 x 10-8, m=0,84, n=2.40, and K?h = 1,5, The units of the crack

growth rate and the stress intensity factors are inch/cycle and ksi,/ in, respectively, As
seen from these figures, data scatter is fairly large in the tests of cracks emanating from
interference-fit fastener holes and the predictions are well within the scatter of the test

data.

Cold-Worked Holes - Procedures used in obtaining the unflawed stress distribution

produced by the two steps of mandrel hole enlargement were presented in Section V,
paragraph 1. The analysis shows that the cold-working operotrion causes hoop compression
adjacent to the edge of the fastener hole and residual tension in the outer field. Due to
the high residual compressive hoop siresses around the hole, to ensure that the resultant
stresses remain tensile over the crack length, the remote applied stress must be high.

Otherwise, the crack surface may not completely open and no crack growth results,
Let fCW be the unflowed stresses on the prospective crack surface normalized by the

ploie material yield strength. The stress intensity factor for a through crack emanating

from a cold-worked fastener hole can be written as

K= o /TaBy, (21)

where

gk Ll et o aaiiar e




)
Aow ™[} few (@G 0de i=1,2 (22)

For a given material, the nondimensional factor ﬁc
far-field applied load, aond level of cold working.

W is a function of crack length,

As discussed earlier, the hoop stress in the vicinity of a cold-worked hole would be in
compression if the for-field applied load is not high enough. In such a case, the computed
stress intensity factor using the Green's function approach could become negative, especially
for a small crack length. Physically, it means that the crack surfaces ore closed and react

agoinst each other. Therefore, the computed negative K should be set equal to zero.

Figure 159 shows the unflawed stress distributions in the region of a 4.4% cold-worked

hole in a 7075-16 plate caused by 16 ksi edge loading ond subsequent unloodingu]).

After the edge loading is removed, a residual compressive tangentiol stress remains at the
edge of the hole {(a/r < 1), The computed stress-intensity factor ranges, Kmm-K . using
Equations (21) and (22) are presented in Figure 160 as dashed line. K was computed
using the unflawed stress corresponding to 0.8 ksi edge loading. For the same level of
cold=working (4.49) and edge loadings (oma =16 ksi, 0 , =0.8ksi), the stress intensity
factor ranges obtained from the crack growth tests reported in References 22 ond 23 and the
maximum stress intensity factor Km " predicted using the lincar superposition me!hod(‘a.)
are also included in the figure. As can be seen, the current analysis gives an excellont

correlaiion with the experimental data.

The unflawed stress distributions of cold-worked holes for three levels of cold working in
both 2219-T851 aluminum plate and 6A1-4V beta annecled titanium plate subjected to by

constant omplitude far-field loading have been presented and discussed in Section V,

paragraph 1. The normalized stress intensity factors, BCW’ computed using these unflawed
stresses and Equation (22) are presented as a function of crack length in Figure 161 for
double thru cracks emanating from 2%, 4% and 5% cold-worked open holes in aluminum
plates subjected to 18 ksi far-field uniform loading. The corresponding stress intensity
factors computed using Equations (21) and (12) for single thru cracks emanating from
cold-worked cpen holes are presented in Figures 162 and 164, Figure 163 shows

the computed stress intensity foctors for a single thru crack emanating from a 2% cold-
worked hole having 10% fastener load transfer. The stress intensity factors reduced from

test data for large cracks using the fatigue crack growth method of calibrating the crack
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growth rate, da/dN, and the stress intensity factor range, MK, are also included in the
figures. As can be seen from these figures, the computed siress intensity factors are in

good agreement with that reduced from test data, Similar results for titanium plates con-

taining 2%, 48 and 5% cold-worked open holes are presented in Figures 166 10 169, Figure

170 shows similar results for o 2% cold-worked hole having 10% fastener load transfer.
The actual amount of fastener load transfer in the tested specimen was about 6 percent
of the total far-field applied load. The stress intensity factors shown in Figure 170 were
computed using the unflawed stress distribution obtained for a fastener having 109 load
transfer. Had correct amount of tastener load transfer been accounted for, the computed

stress=intensity factors would decrease slightly and correlate even better with the test dota,

Figure 171 compaies the computed stress intensity factors for single through cracks emanat-

ing from o 2% cold-worked open hole and close tolerance fastener holes with and without
fastener load transfer in 2219-T851 aluminum plates subjected to 18 ksi far-field loading.
The stress intensity factors at cracked cold-worked open and close tolerance fastener holes
show practically no difference. However, with a small amount of fastener load transfer,

the corresponding stress intensity factors increase significantly.

Figure 172 shows the stress intensity factors for single through cracks emonating from 2%
cold-worked open holes in aluminum plate subjected to various levels of far-field looding.
Since the stress intensity factor at o cracked cold-worked hole does not depend linearly
on ti - far-field applied load, the computed K values are presented as a function of a,
where a is meusvred from the edge of the hole. From this figure, one sees that when the
far-field loading increases, the corresponding stress intensity factor increoses, and the

region of negative K (which has been set equal to zero in the plots) decreases.

It should be noted that the unflawed stress distributions computed here are based on a
static analysis (or first few cycles under repeated loading). Theoretically speaking, if

the crack length is smaller than the compressive 2one, resulting from the cold working
operation and the application of the maximum cvelic load, the crack will not propugate
under cyclic loads. However, during the course of the experimental program, it was found
that an intentional fatigue crack, which is much smaller than the computed negative K

region, does propagate alter the application of a large number of repeated load cycles.
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It is suspected that the relaxation of beneficial residual strains due to cold working occurs,
and after o certain period of fatigue cycling, the net hoop stress results in tension upon
reapplication of the maximum cyclic load, The current analysis is not copable of account~

ing for such relaxation.

Table 36 summarizes all avoilable stress intensity foctor sofutions for through cracks

emanating from the types of fastener holes studied under this program.

2.3 Corner Cracks Emanating From Fastener Holes

One of the most common types of flaws for which there exists no closed form analytical
solution is the corner crack at a circular fastener hole, To date, several approximate
methods have been proposed for computing the stress intensity factors along the periphery

of a quarter-elliptical crack emanating from the corner of an open hole, Based on Kc

values obtained from standard specimens and failure stresses of specimens with corner cracks,
Hall and Finger (24) derived an empirical equation for computing such stress intensity factors.
Gran et, ol.(25) modified the solution for an embedded elliptical flow to account for hole
and free surface effects. Hsu and Liu(%) , used o similor approuch to madify the half-
elliptical surface flaw solution to account for the hole effect, Kobayashi and Enemnyo(zn
extended an alternating method by using appropriate fictitious pressure on the fictitious
three-quarter part of the elliptical crack which protrudes into three-quarter space to solve

l.(28) used the some

the corner flaw problem in a quarter-infinite solid. Koboyashi et. o
three-dimensional alternating technique to estimate the stress intensity factor of a corner
crack at o hole in a rotating disk. Shuh(w) used similar procedures of prescribing o
fictitious pressure on the crack surface to simulate the cylindrical front surface intersecting

a double embudded semicircular crack at a Fastener hole to compute the nondimensionalized
foctor F5 for a/c ratios ranging from 0.1 to 1,0 and c/r values ranging from 0.1 %0 10.0

from which he concluded that FS could be assumed to be independent of a/c ratio. However,
the final nondimensionalized factors Fe used in his analysis are the ones obtained from the
integration of unflawed stresses ond the Green's functions derived by Smith et. al.(29) tor

a circulor crack embedded in an infinite solid without a hole. A constant front surface
correction, independent of the location on the crack border, was assumed. Smith and

(30)

Kullgren performed a sequence of iterations between on analytica! solution for an

elliptical crack embedded in an infinite solid and a finite elemen! alternating solution for




a finite thickness uncracked plate with o fastener hole to obtain the stress intensity factors
along the periphery of a part-elliptical crack emanating from o fastener hole in o finite
thickness plate. McGowan ond Smith(m’

elasticity ond o numerical method to obtain the siress intensity factors ot the intersection
(32)

used a combination of stress~freezing photo=
of a comer crack, hole and plate surfaces., Snow vsed the fatigue crack growth method
of calibrating the measured crack growth rate, da/dN, and the stress intensity factor range,
aK, to determine the stress intensity factors of corner cracks from which an empiricel

(33)

through crack as a series of through=-the-thickness radial cracked slices with springs

equation was developed. Fujimoto used the slicing technique to idealize the part~
attached to the crack faces to represent the shear coupling between the slices. Similar

to Shah's anolysis, the Green's functions for a circular crack embedded in an infinite solid
without o hole were used in the determination of a series of spring forces transmitted across
the crack foces. Other numerical methods, such as finite—elemem(a‘) and boundary-
integral-equation opproaches,(35) have also been used to solve the problem of a quarter-

elliptical crack in a quarter-infinite solid.

All aforementioned solutions are approximate., There is no exact solution available which

could be used to assess the accuracy of any individual solution,

Experimentally, the fatigue crack growth method of calibrating da/dN and 8K (which,

in generai, is derived from the testing of through cracked specimens having known K
solutions) can be used to estimate the stress intensity factor of the tested crock geometry.
Considering the data scatter from which the do/dN vs., AK relationship is established, it
is very difficult to assess the accuracy of K values obtained based on the meosured
growth rote of certain increments. To date, the three-dimensional aiternating technique
hos been used most often to estimate the stress intensity foctor for a quarter-elliptical
comer crack toen o hole. However, there are several sources of numerical errors thot
might be introduced in the analysis using the alternating technique, especiolly during the
process of zeroing out the fictitious residual tractions acting on the free surfaces (including
the crack face). The other error is in the least squares fitting of the crack pressure distri-
bution with a polynomial. In addition, the computer time required to execute one such

problem is significantly large.




In this section, the approximate stress intensity factor solutions derived from the modification

of the Hsu and Liv'2®)

open hole is presenited. Wherever possible, the solutions are compored with other approxi=

solution for a quarter-elliptical crock emonating from the corner of an

mate solutions, The stress intensity factor solutions for a quarter-elliptical crack emanat-
ing from the corner of close tolerance, cold~worked, and interference-fit fastener holes

are also presented.

ggen Hole

The shape of a corner crack ot a fastener hole is generally assumed to be quorter-ellipticol
with the semi~major ond semi-minor axes coinciding with the hole wall and the piate sur-
face. Let a ond ¢ represent the crack lengths measured along the hole wall and the plate
surface, respectively, The opproximote stress intensity factor solution for a quorter-
elliptical crack emanating from the corner of an open hole proposed by Hsu and Uu(26)

may be writien as

ME.B . ME. B

KE B =0 /ma. 8 (). ) for a’c %1
C
and (23)
< X < M‘% 8. MI % B
KE, B =0, /ma. B & \f5 . o) for /e >1
a

where ﬁop(-r’-‘-) is the Bowie hole correction factor evaluated ot the normalized distance
from the edge of the hole, x/r; & is the complete elliptical integral of the second kind
presented in Figure 173 o a function of the rotio of the minor and major axes of the

ellipse; B is an elliptical angle measured from the hole wall; M is defined as
M =[(%)2 sin2 B+ cos2 B]‘/4, fora/c %1

and (24)
M= [ ©? cos? B+ sin’ p]w , for alc >1

and M, i the front surface correction factor determined by interpolating the known

solutions for the following three cases: (1) a/c =0, (2) a’c =1, and (3} a’c ==,
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For a/c =0, the crack geometry is similar to that of on edge crack for which the front
surface correction factor is 1,12, For a’c =@, the crack geometry Is similar to that of
a center crack for which M, is equal 1o 1.0, Fora/c =1, M, has been obtained
numerically and presented as o function of an eltiptical ongle 3 by Smith et.ul.(m).
Values of M, ore presented in Figure 174 in a ten-degree (elliptical ongle) increments

from the hole wall to the plate surface for all possible a/c ratios.

For the convenience of applicotion, the front surface correction factor and flaw shape

factors in Equation (23) are combined os follows:

K2, B) = o V/Fa Bod) . = (2, ) fora/cal
and (25)
Mi
KIS, B) =0 Vae S BlD) . 5 (£, 8) fora/e> 1

M‘
The normalized -~ factor is plotted in Figure 175 as a function of a’c for a’c £ 1

and in Figure 176 as o function of c‘a for a’c > 1,

For the convenience of visualizing the variation of the stress intensity factor along the
crack border, the geometric angle 8 is defined as the angle measured from the hole
woll 1o a specific point on the periphery of an elliptical crack. Figure 177 shows the
relationship between the angles Sand 8 for the ratios of the minor 1o major axes ranging
from 0.001 10 1.0,

' juation (25), proposed by Hsu and Liu, is modified in the following manner. For a
comer crack with a small ¢/r ratio, the entire crack suface is locoted in the region

of elevated stress and the unflawed stress voriation within the crack surface is smail.

For this case, Equation (25} normally results in good estimates of tie stress intensity
factors. However, when the c/r ratio becomes large, the crack surface extends into the
region of lower stress. Because the s'-ess intensity tactors are sensitive to the local stress
field in the vicinity of the crack, the actual stress intensity factor at the edge of the hole
for this case is expected 1o be lower than the stress intensity factor computed from

Equation (25). Also, when the crack is deep, the hole acts to restrict the crack opening
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which tends to reduce the actuol stress intensity factor at the edge of the hole, ogain
resulting in a computed stress intensity foctor which is too large. To account for these
effects, Equation (25) is modified as follows:

Ml
KIZ o BY= 0/ Bogl2) . 5 (2.8) . M(E, %) fora/en)
and (2¢)
/2 M)
K(G 1 B =08 (D) Bod®) . 5 (S, 8) . M_(S, %)

for a/c > 1

where

=f4+X (-
M, =F = (1-F) (27)

in which the factor F, presented in Figure 178 as a function of ¢/r, is obtained from
the stress intensity factors Shah(w) estimated at the location where the crack and hole
wall intersect and x is the distance from the hole wall to the particular point of interest

on the crack periphery.

Normalized stress intensity factors (K/0./%a) for a double corner crack emanating from
an open hole were computed using Equotions (26) ond are presented in Figures 179 to
182 as a function of the geometric angle 8 for a/c ratios of 0.75, 1.0, 1.5, and 2.0,
respectively, Solutions were also obtained from Equation (26) for an a/c ratio of 0.5
and are correlated in Figure 183 with other approximate solutions proposed by Smith(ao)
ond Shoh“n. Similarly, solutions for a single corner crack emanating from an open hole
were obtained from Equation (28) for an a/c ratio of 1.0 and are correlcted in Figure 184
with other approximate solutions proposed by Koboyashi et.ol.(28) and Shah“n. The
mognification factors presented in Figure 184, were obtained by normalizing the stress
intensity foctors by dividing by K'° (the stress intensity factor for an elliptical crack in

on infinite body subjected to a uniform tensile stress 30.).

Because there is no closed form (exact) stress intensity factor solution for a quarter-
elliptical corner crack smanating from an open hole with which to compare the current so-
lution presented in Equation (26), correlations were also made of predictions using the

current solution with experimental test dota. Two sets of test dato were generated under
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caoluliy controlled loboratory conditions, The specimens were made of 7050-1773
oluminum plate with a thickness of 0,25 inch, a width of 3 inches, and o hole diometer
of 0,26 inch. An electro discharge machine was used 1o introduce the initial notch ot
the corner of the hole (one crack only). Fatigue crack pa_'opagdﬁ:on tests were then con-
ducted under a high=humidity environment (90-95% }elalivc humidity), at room tempero-
ture, with a loading frequency of 10 cycles per second, The specimens were subjected o
constant amplitude Iooding.wuh a maximum stress of 15 ksi ond a stress ratio of 0.1, Crack
lengths (both a and c) were recorded using o macromechanic device, During the test,
the “morker” loads were occe:ionally opplied to produce bench marks on the fracture sur-
faces, These bench marks provided o record of the actual shape of the crack during crack
ptopogation and olso served to verify the macromechanic reodings on the crack length
measurements, The moximum stress level for the “marker” load cycles wos also 15 ksi,
but the stress rotio R wos increased 10 0,85, Photograph showing the elox cut ond the
bench marks resulting from application of the "marker™ loads on the crock surface of the
first specimen is presented in Figure 185, Figure 186 shows the octual Flow shape on the
fracture surface of one of the specimens resulting from the application of the marker loads
and the result of fitting o quarter-elliptical curve through two readings observed on the
surfaces: o and c.‘ The figure indicates the accuracy of assuming that the corner crack

is quarter-elliptical in shape,

Correlations of analytical predictions using Equation (26) ond the experimental test data
for the two previously mentioned test specimens ore presented in Figures 187 and 188,

The figures present the number of cycles versus crack length for both the front surface and
the hole wall. 1t was assumed in the predictions that for a given anumber of applied load
cycles, the extension of the quoﬂér-ellipticol crack borde: was controlled by the stress
intensity factors ot the intersections of the cruck periphery and both the hole wall and the
plate surface, (i.e., F.A and KC). In general, the stress intensity factors at these two
locations are different, resulting in different crack growth rates. Therefore, the new flaw
shape aspect ratio after each crack growth increment differed from the previous one, The
new flaw shape aspect ratio wos computed using the new crack lengths on both the hole
wall ond plate surface. The process was repeated until the crack length along the hole
wall was equal to the plate thickness. Al that time, the crack was assumed 10 be o through
crack with a crack length equal to c. This assumption was mode based upon the experi-

mental observation that after the crack penetrates the back surface and the cyclic load
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application continues, the back surface crack length increases much faster thon thot of the
front surface until the front of the through crack becomes stoble, Figures 187 and 188
indicate that good correlations were obtained between the analytical pradictions and the
experimental test data. Figure 189 shows correlations of predictions wiing Equotion (26) and
two sets of Snow's test data (32) generated uiing PMMA polymer moterial, Comporisons |
between the computed normalized stress intensity foctors, using Equation (26) and other

opproximate solutions, and dato obtained by Snow(az) using the fotigue crack growth
method of calibrating the measured crack growth rote, da/dN, ond the stress intensity

foctor range, AK, are tabuloted in Table 37. As seen from oll these comporisons, good
correlotions between the anolytical predictions and the test dota have been obtained.

For the case when the applied for-field stress exceeds about one third of the material yield _
strength, local yielding occurs at the vicinity of the hole. In such o cose, the stress
intensity factor for o comer crack located at an inelostic hoie con be estimoted from that ;

of a thru crack solution by replacing the Bowie foctor pop in Equation (26) by the factor H ‘
as shown in Figure 140, A

Close Tolerance Fastener Holes with and without Fastener Locd Transfer - With the 7
know ledge of a through crack solution pCT, the stress intensity factor for quarter ->

elliptical cracks emonating from the comer of a close tolerance fastener hole with or 1
without fastener load transfer can bs estimated from Equation (26) by replocing the Bowle
factor pop by the foctor pCT' Values of A, con be computed using Equation (17) end

some typical values are given in Figures 143 to 145, These values are valid for the

ﬂCT
width 10 hole diameter ratios considered, b

interference-Fit Fastener Holes - As proviously mentioned, substantial plastic yielding

occurs around o hole due 1o the instal lation of on interference-fit fastener and a sizeable ¢
residual stress intensity faclor remoins after the removal of the for-field applied lood,
Similor to a close tolerance fastener hole, the stress intensity foctor for quarter-elliptical
cracks emanating from the corner of an interference-fit fastener hole con be estimated from

Equation (26) by replacing the factor pop by the factor ﬂ":.

Typical ﬂlF factors for o through crack emanating from an interference-fit fastener hole
are presented in Figure 150 for 2219-T851 aluminum plate and in Figure 152 for 6AI-4V

beta annealed titanium plate, The computed nommalized s'ress intensity factor at the

62




intersection of plate surface and the border of o single corner crock emanating from
interfarence=fit fastener holes for three levels of interference for each material studied
ore presented in Figures 190 and 191 for an w/c ratio of 0,75, This ratio wos chosen ' o
becouse it represents the averoge flow shape seen on the fracture surfoce of such fostenaer :
holes. As discussed eorlier, the stress intensity factor for a crack emanating from an ' :
interference=fit festener hole is not linearly proportional to the for-field spplied load. 7
It dapends also upon the level of interference, the material yield strength, Young's '

modulus, and Poisson's ratlo, For the purpose of validating the analytical solution, o

crack emanating from an interference-fit fostener hole in o plate subjected to constont ‘ "
amplitude for-field loading wos treated as a crack emanoting from o fostener hole having
no residual stress and subjected to varying omplitude loods which produce the some MK g
and R ge

The predicted crack growth histories ore compored with test data in Figure 192 far o single
corner crack emanating from 0,0024, 0.0038, and 0,0060 inch diametric interference=fit
fastener holes in 2219-T851 aluminum plates subjected 1o constant amplitude 18 ksi and

R = 0,1 far=field loading. Similar analyticol-experimental correlations for a single comer
crock emanating from 0,0034, 0,0042, ond 0.0050 inch diometric interference-fit fastener
holes in 6Al1-4V beta annealed titanium plates subjected to 40 ksi ond R = 0,1 for-field
ioading are shown in Figure 193, Both Formun's‘aé) ond Ho“':(z_) crack growih roté
equations were used in the predictions. The predictions using Forman's equation show
considerably shorter lives than those using Hall's equation. As seen from these figures,

the predictions are well within the scatter of the test data,

Cold-Worked Holes = With a knowledge of the through crock solution ﬁCW' the stress
iniensity factor for quorter elliptical cracks emanating from the corners of the cold-worked
fastener holes with or without fastener load transfer can be estimated from Equoﬁon (26)

by replacing the factor ﬁop with the factor BCW' Values of Bcw are given by Equation (22)
and in Figures 161 and 164, As discussed previously, if the crack length is smaller than the
compressive zone, resulting from the cold working operotion and the application of the

maximum cyclic lood, the crack will not propagate under cyclic loads. However, during
the course of the experimental program, it was found thot an intentional cormer crack,
which is much smaller thon the computed negative K region, does propagate ofter the
application of o lorge number of repected load cycles, It is suspected that the relaxation
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of beneficiol residual strains due 1o cold working occurs, and after a cetlain period of

finite element oltammmg method 1o compute solutions for V|wo-ho|e-dmrr'pe!ers- to~platie thich~

“crack emanoung from an onen hole pfoposed by Hsu and Liv

fotigue eycling, the net hoop stress results in tension upon reapplication of the maximum

cyclic load, The current analysis s not capable of occounting for such relaxation.

For convenience, the availabie stress intemity factor solutions for corner cracks emanating .

from the types of fartener holes studied during this progrom are summarized in Toble 38,

2.4 _Embedded Crocks Emanoting from Fastener Holes

The stress intensity factor for semi-elliptical embedded cracks emanating from opposite
{26) | odified

the surface flaw solution by using Bowie's through crack solution to account for the hole

(17

an approximation by solving the equivalent problem of a pressurized penny shopad r.mck

sides of on open hole hos been estimated by mony investigotors. Hsu and Liv

effect 1o obtain the siress intensity factor for such on embedded crock. Shoh ou:mned _
in a solid without a hole. The pressure he applied on the crack surface was the twe dimm-
sional siress disteibution odjncent to o hole in an infinite plate. Koboyashﬂyi used o
superposition method based upon removing residual crock surface tractions oblu}héd by a
linvar approximation of the prescribed stress disteibution in an uncracked plom. 'Conecnon
is then made to the through crack siress intensity to produce corresponding volues iow semi-
elliptical embedded cracks and surface effects are neglected. Smuh\w)_»‘ps_gd the moditied

ness ratios, Similor to corner cracks, there is no exact stress intensity factor salution ovoilable . T o

for an embedded crack in a hole to assess the accuracy of the aforementioned opproximations.

For engineering application purposes, the siress m'enm) factor solution for on embedded : -

: - A
(26)., is modified ond presemed : ;
in this section, The solution is used to correlate with ovailable enpenmemal data, Com-' S

parisons between the current solution ond other approximate solutions ore also made, The

solution is then extended 10 the case where the embedded crack is emanating from other

types of fastene: holes,

Open Holes - The opproxim-ote's'tréss intensity factor solution for two semi-elliprical cracks,
symmeteically embedded in the edge of on open hole, proposed by Hsu and Liu,(%) ~may be

written a:

K' = ovlrf"‘('l . [;op A‘@ . "‘)S)

&4




The function M/® for any crack aspect ratio is given in Figure 194, The free-curved-

.:.’.,‘.""..@T sARESS “aiﬂzm!‘_ﬂm
j 8]

surface effect due to the presence of an open hole was not properly accounted for in the

obove equatisn., Hence, similar to the corner crack discussed in the previous section, the

stress intensity factor at the hole wall estimated by Equation (28) is too high, because
Equation (28) does not account for the restraint of the hole, Therefore, Equation (28)
should be modified as

x=a\/ﬁ30p-’g-.mc 9

where M, has been defined in Equation (27).

ST IR RN SRR M-k T

]

Experimental data for semi-elliptical embedded cracks emanating from fastener holes are

very limited, Figure 195 shows the growth pattemn of a double embedded crack originating

at a 5/16" open hole in 4 inches wide 7075-T651 aluminum alloy plate. The growth

Bttty

pattern was esiablished using marker loads. The thickness of the specimen wos 0,45,
The test was conducted under Lockheed's IRAD program. The specimen was subjected to
a constant amplitude far~field load of 15 ksi and R = 0.1 at room temperature and o lcb
air environment, To create markers on the fracture surface, 10,000 cycles of marker
loads were applied between every 1000 cycies of normal far-field loading by chenging
the applied load ratio to 0,85 but maintaining the same maximum load (15 ksi). The

', crack growth during each application of the marker loads was small, The stress intensity
factors at the hole wall and in the depth direction {intersection of crack front and semi~
minor axis) were reduced from the test data, using the fatigue crack growth method of
calibrating K, and are tobulated in Toblczl.'.;‘)?. The corresponding stress intensity factors
's

‘} Since the growth increments due to the marker loads have been neglected in the data re-

computed using Equation (29) and Shah solution are aiso included in the table,

' duction, K values reduced from the dota are slightly higher as reflected in the table. In

general, the correlation is fairly good.

Close Tolerance Fastener Holes with and Without Fastener Lood Transfer - With a knowledge

of the through crack solution BCT' the stress intensity factor for semi-elliptical embedded

cracks emanating from a close tolerance fastener hole with or without fastener load transfer
can be estimated from Equation (29) by replacing the factor Bop with the factor pCT'
Values of BCT are given by Equation (17) ond in Figures 143 to 145,
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Interference-Fit Fastener Holes ~ Similar to a close tolesance fastener hole; the stress

intensity factor for semi-elliptical embedded cracks emanating from an interference-fit
fastener hole can Le estimated from Equation (29) by replacing the factor Bop with the

factor BIF' Typical ﬁIF factors for thru cracks emanating from the interference=fit

fastener holes are given in Figures 150 and 152,

Cold-Worked Holes - Theoreticolly speaking, the stress intensity factor for semi-elliptical

embedded cracks emanating from a cold-worked hole can be estimated from Equation (29)
by replacing the factor ﬁop with the toctor ﬁCW' However, it is suspected |hal'the
beneficial residual strains due to cold working may be relaxed after o certain period of

fatigue cycling. The current analysis is not capable of accounting for such rel axation.

For convenience, the availdble stress intensity foctor solutions for embedded cracks

emanating from the types of fastener holes studied during this program are summorized

in Toble 40,

3. FAILURE CRITERION FOR FLAWED COLD-WOQRKED HOLES

A failure criterion which could accurately predict failure of flawed structures would be a
useful engineering too! for the evaluation of structural integrity and the selection of materials.
Linear elastic fracture mechanics provides a one-parameter failure criterion, Kc, for cracked
structures with small-scale yielding. However, for a crack emanating from a cold-worked
hole, due to the presence of the large plostic strains induced during the cold-working process,

the failure may not be characterized completely by linear elastic fracture mechanics.

The recent attention given to the J integral as a failure criterion is partly due to the fact
that tha path-independent J integral can be calculated through reyions where the stress
ond strain states can be determined with sufficient accuracy. For linear elastic behavior,
the J integral is identical to G, the strain-energy release rate per unit crack extension.
Therefore, a J integral foilure criterion for the linear elastic case is identical to the ch
failure criterion. The use of the J integral os a failure criterion would provide a means
of directly extending fracture-mechanics concepts from linear elastic behavior to elastic-

plastic behavior,
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The path-independent integral discovered and designated J by Ricc(w) is defined by
J=f wdy-7 2 a4 (30)
3 LU

where x and y are cortesion coordinates measured tangent and normal to the crack at

the tip, ds is an element of arc length along any path 1’ circumscribing the crack tip,

W is the strain-energy density ond T and U are respectively the stress and displacement
vectors oppropriateto material just insidz I, The promise of the J integral as a meaningful
measure of propensiiy for crack propagation when large scale yielding® is apparent springs
from two observations: the poth independence of the integral can be established without
specifying a linearly responding material; if however a linearly responding material is
specified, J can be shown to reduce to the plane~-strain energy-reiease rate. Notwith-
stending these, an elastic material response is required to evaluate J because of the
oppearance of W in its definition, Consequently, J canbe computed without ambiquity
for a nonlinearly elastic response but not for an inelastic one. Thus, in any application
where the material nonlinearity arises due to the onset of plastic defomation, the value

of J canbe tracked on.;, p to the point where the distinction between nonlinear elasticity
and plasticity is manifest; i.e,, when some part of the region under consideration begins

to unload.

With regard to the cold-work process, the beneficial residual stress field is, of course,

the direct result of unloading following an expansion severe enough to camy material

near the edge of the hole past its elastic limit, Moreover, when a remote uniaxial tension
is applied vertically, the material at the top and bottom of the hole unloads even more,
This secondary unloading could be ignored or perhaps aveided by a judicious choice of |,
since the region involved does not include the neighborhood of anticipated crack initiation.
But the initial unloading that occurs as the mandrel is removed affects the entire circum-

ference of the hole and cannot be reasonably overlooked.

A numerical estimate of J (using stresses and displacements obtained from o finite element

representation of the material around a cracked hole) was found to be path independent

* Large scale yielding here is taken to mean any plastic deformation that is noi
exclusively characteristic of the crack tip; e.g. piastic deformation influenced
by baundaries other than the crack faces near the tip.
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and in good agreement with the plone strain eneryy release rote available from BOwie's(:w)

analytical solution when no plastic deformation wos involved. When the some model was

used to simulate 2% cold work with subsequent 18 ksi remote tension, on attempted estimate
of J (treating W a3 recoverable energy density) resulted in a path-dependent quantity
defying interpretation.

Consequently, the J integrol was abondoned as a potential fracture criterion with which

to correlate the tests tabulated in Table 31. Altematively, the following two approaches
were employed in an effort to assess the apparent toughness appropriate to material near a
2% cold-worked open hofe. Qualitatively, the results for aluminum and titanium con be

discussed together,

The first approach consists of neglecting the residual stresses altogether in the calculation
of K}. Predictably, the compured apparent toughness was greater than the toughness ob-
tained in the conventional test (Table 29); but the difference was leas: for the shortest
crack length, where the effect of hole cond’tioning could reasonably be expected to be
greatest, One possible explanation of this paradox relotes to the fact that the erack was
introduced prior to the cold-work operation. This means that the crack tips were probably
blunted during the initiol phase of the exponsion. For the shorter cracks, however, sub-
sequent expansion and unloading produced tangential stresses that would tend to press the
crack faces together in a “resharpening” operation. Based on this argument, one might
anticipate that the longer cracks remain more blunt and therafore would exhibit a higher
apparent toughness. An area that needs further serious consideration is that oddressing the

importance of sequence in the cracking/cold-work operation.

The second approach acknowledges the residual stress field by superposing it with that due
to tumete loading in order to obtain tractions to remove from the prospective crack surface
via a numerically generated Green's function“o). In strict accordance with the defini-
tions of linear elostic fracture mechanics, such an approach is dubious at best; i.e. LEFM
does not respond to situations in which the normal stress on the prospective crack surfaces
is compressive while the extensionol strain in the same Jiicction is positive. Nonetheless,

the apparent toughnesses computed in this manner were in general agreement with those

obtained in conventional tests except for the shortest crack lengths. Here the apparent
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toughness wos substantially less. This moy be attributed, in unknown fractions, to at least
two sources, Firstly, the beneficial residual stress field may be largely lost due to relax-
ation--especially near the edge of an open cold-worked hole. This possibility needs
rather immediate attention owing to the considerable impact it might have on life
predictions. Secondly, reverse yielding is evident ot the edge of the hole (see Figures
112 to 114), and an accurate determination of the stresses there requires a hysteresis data
base sufficient to model the post-yield position and size of the yield surface. Moreover,
reverse yielding intensifies the already formidable stress gradients near the edge of the

hele and may require more sophisticated elements or refined modeling in this neighbor-
hood.

4. CRACK GROWTH PREDICTIONS

Current methodologies for life predictions are based on o crack ~growth-damage integration
package that has a data base and analysis to interrelate the following elements: (a) initial
crack geometry, (b) applied stress spectrum, (c) baseline crack growth rate and other mate-
rial data, such as uy and Kc' (d) stress intensity factor solution ond {e) load-interaction
model. In this section, the predicted number of cycles {or flights under the spectrum lood)
are compored with those counted in the test of oluminum and titanium specimens subjected
to constant-omplitude, bomber and fighter spectrum loadings. There is no existing method-
ology which is capable of accounting for the interaction between the residual stresses
created by the ove.load in the spectrum and that created during the cold-working operation
oc the installation of an interference-fit fostener. Therefore, no attempt was made to pre-

dict the crack growth from these types of fastener holes under spectrum loading.

The predicted results for cracks growing from an initial size, a., toa final size, o, are
normalized by the corresponding test data and presented in Table 41 far constant amplitude
louded specimens and in Table 42 for spectrum loaded specimens. For specimens tested
under spectrum loading, the predictions were made vsing the linear accumulation technique
and three different retardation models included in the computer program, "CRACKGROWTH, "
available at the Lockheed-Georgia Company. These retordation models are the original and

modified Willenborg et ol models(“ + 42) and the Hsu model(43). The constant ampiitude
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crackgrowth tates presented in Figutes 10 and 11 together with Forman's equation weore used

5 in the predictions. For comner crocks, the initicl Haw shope was assumed to be quorte -

. circvlar.  The final suifoce crack length observed duting the test wos used to determine the

4 crack growth life of each test hole (except for specimen T-F$-1, in which the tinal dimension
! along the hole wall was used),  As swen from the tables, most of the predictions are reaton-

ably good, However, tot spectium loaded specimens, none of the enisting models can con-
sistently produce occurate predictions.  Development of un improved load-interac tion model
and bettar understamding ol the interdependence of the various parameters affecting the

fatigue cruck growth under Hight-by-tlight spectiun loading are necessary betore adequate

crack growth lite predic®ions can be achieved for all foad spectia.
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SECTION VI

OVSERVATIONS AND CONCLUSIONS

Based on the analvtical study conducted under this program, the jollowing olservations

and conclusions have been made:

(1) A Green's-function approach has been developed for astimating tho stress intensity
factors for straight through cracks emanating from any typoe of fastener hole. The
approach consists of hwo steps:  thist, a nonlinear tinite eloment solution tor the elustic-
plashic stress tield appropriate to the untlawed hole is genorated; next, a crack is
inhhoduced in this shess tield by 1emoving the tractions on the crack faces and computing

the cortesponding stress intensity tact using the Green'sHunction approach.

—
~o
N

When the applied far=fleld stress excoods about one third of the material yield
strongth, local plastic deformation begins at tho vdge of an open hole. The
nomalized stress intensity factors computed using the Green's=function approach
is lower than the Bowie factor obtained for the purely elastic case. As local
yielding proceeds, suchnomalized factors decroase as the far-tield applied stress
increases, When the crack length is longer than one radius of the hola, this plas-

ticity offect becomes negligible.

(3) For the cases where the cracks emanate from interference-fit fastener holes in both
aluminum ard titanium alloy plates subjected to constont omplitude far-field
loading, the computed offective stress intensity factor ranges, Kmn\_Kmin' ore

essenticily constant and indepondent of the lavel of diometrical interference. How-

over, the offective stress intensity factor ratio, R .. =K . /K , does depend

off min  maox
vpon the level of interference. For a crack length less than one radius, Roff dacroases
rapidly as the amount of interforence increases, Whena'r> 1, Reﬂ' remains almost

constont as the amount of fastaner hole interforonce incroases.

(4) By idealizing o crack emonating from an interference-fit fastener hole in a plate

subjected to constont emplitude far-field loading as one emarating from o fastener
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hole without residual stress and subjected to variable amplitude loadingwhich produces
the same K g5 and Reff' the predicted crack growth history correlates reasonably

well with the test data.

For the cracks emanating trom cold-worked tastener holes, the shess intensity tacto:
corresponding to a given crack length increases as the amount of cold working decreases,
The stress intensity factors at cracked cold-worked open and close tolerance fastener
holes are practically the same. However, with a small omount of fastener load transfer,
the corresponding stress intensity factor increases significantly. The computed stress
intensity factors correlate excellently with test data reduced from the testing of aluminum

and titanium materials with large initial crack lengths.

Theoretically speaking, if the crack length is smaller than the compressive zone
resulting from the cold-work operation and the application of the maximum cyclic

load, the crack will not propagate under constant ampiitude cyclic loading. However,
the experimental data negates such a conclusion, It is suspected that the relaxation of
residual compressive strains due to cold working occurs, and after a period of fatigue
cycling, the net hoop stress reverts to tension upon the reapplication of the maximum
cyclic load, The existing methodology is not capable of taking such relaxation into

account,

The Green's-function approach developed here can be easily extended to study cracks

originating at any other fastener-hole combination.

The approximate stress intensity factor for a quarter-elliptical crack smanating from
the corner of any fastener hole can be derived from the corresponding thru crack
solution, Th: computed stress intensity factors show good agrecment with the data

reduced fron testing.

The stress intensity factor for a double semi-elliptical embedded crack originating
ot open hole has been derived from the modification of a surfoce fiaw solution. The
correlation between the computed stress intensity factors and those reduced from tests

using the tatigue crack growth method of calibrating K is good.
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(10) Current methads of predicting crack growth under flight=by=flight spectrum looding
can not be easily extended to predict the growth of cracks from pre-conditioned
tastener holes (such as cold-worked and inferfercnce-‘fit fastener holes), This is due
to a lack of understanding of the interaction between the residual stresses created due

o pre-conditioning and the application of an everioad.

Based on the experimental progrom conducted, some of the olsetvations and conclusions

made may be sunmarized as tollows:

(1) Fatigue lives of untlawed tastener holes having about 10% of tastener load hanste:
can be increased through the use of interference=fit fasteners. The fatigue life of
a cold-worked hole is comparable with that of a close tolerance tastener hole it each

has the same amount of fastener load transter,

(2) Both corner cracks and embedded flaws are the most comman tvpes of natural cracks

initiated due to fatigue cycling. The shapes of these natural cracks are respectively

very close to quarter- and semi~elliptical. These shopes have been assumed in maost of the
analyses. Surface tlaws near a fastener hole having a high level of interference fit
are also possible origins of natural cracks. This is true because the peak tensile shesses

(during both loading and unloading) are located some distance away from the hole

wall,

(3) With a preconditioned fastener hole (such as diametrical interterence or cold working?,
the crack growth rate, in ganeral, is significantly lower than that of a straight reamed

hole without preconditioning.

(4) For corner cracks emanating from straight reamed holes, both with and without cold
working, the growth rate along the hole wall is larger than the corresponding rate on
the plate surface. Hence, the final flaw shape ratios, a/c, are greater than 1 in all
the cases observed here, For similar cracks at interference~fit fastener holes without
fastener load transfer, the final flaw shape is close to quarter-circular which implies
that the growth rates are practically the same on both the hole wall and plate surfaces.
However, with a small amount of load transfer ot the interference-fit fastener holes,

the final crack dimension on the hole wall is much less than that on the plate surface.
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(5) Doata scanrer is large in the tests of cracks emanating from cold-worked and
interference-fit fastener holes, For the same type of far-field loading, such
: scatter decreases rapidly as the crack length increases. For a given initial
; crack size, if the applied load is too low (resulting in the effective &K being
smaller than or close 1o AK threshold), one may anticipate that the growth
behavioy of such a clack would be essentially the same os that of o fatigue tast without

an intentional Haw.,

(&) The effect of & 1o 10 percent fastener load transfer on crack giowth rates is mave
significant for cold-worked holes than close tolerance fastener holes,  This effect is

practically negligible at interference-fit fastener holes.

(7) Data scatter obtained from the fighter spectrum tests is larger than that corresponding
1o the bomber spectrum tests, while the results of constant amplitude tests show the

least scatter,

(8) For initially intermediate and large cracks emanating from interference-fit fastener
holes subjected to the same type of far-field loading, within the levels of interference
studied here, their associated growth rates are practically the same for each level of

interference. However, for small initial cracks, the crack growth rates decrease as

the amount of interference increases.

(9) For cracks originating at cold-worked fastener holes, the crac’ arowth rates decrease

os the amount of cold working increases.

(10) For a given load spectrum and fastener~hole condition, the equivalent "threshold"
crack length can be established trom the testing of small initial cracks, fram which o
qualitative comparison between different types of fastener holes can be made. The

equivalent threshold crack length is spectrum dependent.

(1)) The beneficial effect of the residual strains (created during the installation of
interference-fit fasteners or during the cold-working operation) enretarding the fatigue
crack growth is most significant when the crack length is small. The benefit decays as

the crack length increases,
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SECTION VI
RECOMMENDATIONS

Based on the study conducted for this program, it was found that certain Jdesirable

information could not be obtained from the material availoble, The subjects listed

under this section might be considared for inclusion in luture Air Farce RRD progroms.,

(1) The beneficial effect of the cold-working operation on the fatigue and crack growth

(2)

- (3

(4)

characteristics has been demonstrated basod on test data generated mastly under tension-
tension loading. The interactions behween both overloads and compressive loads

in a spechum with the residual compressive hoop stresses around a fastener hole result-
ing from the cold-warking operation should be investigated in more detail, Limited

data available to date seems to indicate that they might negate such beneficial effects.

It is suspected that the residual compressive hoop stresses resul fing from the cold-warking
operation mayv be relaxed significantly, even under constant amplitude tension-tension
fatigue loading, An investigation should be conducted to answer why an initial crack--
much smaller than the compressive zone resulting from the cold-warking operation and

the application of the maximum cyclic load= grew under cyclic loads,

Only one constant amplitude load level was used in the tests of cold-worked and
interference-fit tastener holes. Since the resultant local stresses around the hole are
sensitive to the far-field applied lood, more far-field load tevels should be used in a
future study. This future study is needed as an intermediate step toward developing
the methodology for analyzing the crack growth behavior under spectum loading tor

these types of tastener holes.

A parametric study should be conducted to establish the relaticnships between the crack
growth characteristics, the amount of fastener hole pre~conditioning ond the for-field

applied loads. Such a study is needed to allow the selection of an optimum tastener

system for critical locations in a structure.
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Figure 85. Growth Behovior of Corner Cracks from Open ond Close Tolerance
Fastener Holes in 2219-T851 Aluminum Alloy Plates Subjected to
Fighter Spectrum Loading
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(o) (b)

Figure 134 Schematic of Linear Superposition M ethod

Figure 135 A Straight Crack Subjected to Two Pairs of
Concentrated Forces on the Crack Surfaces
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Figure 136 A Double Radial Crack Emanating from a Circular Hole
Subjected to Two Pairs of Concentrated Forces on the Crack Surfaces
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Figure 137 Idealization of the Hole as a Portion of a Straight Crack
When the Applied Forces Are Close to the Crack Tip
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Figure 159 Stress af the Region of 4. % Cold - Workad Hole
in AC75-T6 Alum num PL oo (. I by 14 Ksi
tdge Laading ard Subsey,. nicading

" . A T ot s a® oo 2o b niibie it v ik i e 2t L S '
g L S e Rl s E eI A !
T i B s Tl L

[ -4

22¢

R A R ki T e i i A o s 5D L 2 sl A A i e TR A '.v,:;,--._,:: B LR Bt A oy S Tt AR e Lt g i




3|CH PR4iOp-P|0T) WOi)
Bupououwg #2047 ruy) ajBui§ o Joj ssoyany Ajisusiul sseli§ ‘o9 2anBiy

. ’ P
y _ 5 "HLON31 %DOv4D Q3ZIT7WION
8 z 9 ¢ 4 z z l
r T T T T T 1 4 T T T " T 7T T C

Z

.. o

m

w

V]

: - (¥ ]
z
i 1o 3

! “ % 8
— o~

N o]

_

>

106 Z

@

{ %

..lu_n

NOILDIQ3dd INFYIND ———~ ~10¢ v.
8l *493 'NOILDIQ3Yd —— M

| £ '3 VIV o z

ZZ ‘8 'viva




Buipoo] piai4-iogd 1s) §| O+ Pesd9lgns 840l wnuiwn|Y |GBL-412Z
us sajoH uad( pexJom-~p|oD) wosy Buiiouowy $32043 Nuy| B qRo(] Joy 540404 Ajisuasuj ssaug peztjouuop (9| ainBiy

a/0 'HIONIT ¥OVED J3IZ1TIVWION

8 L 9 S 14 £ Z 1 0
T LN T T T T T ~\~ ﬁ
.\\
\\
il
|
\.\\
‘|
/ .
:\ 47°0
'S f——— /]
o'y _——— if
i /7 .
QINIOM-Q10D % |  108WAS .\.v\ {¢€0
4 0

M:)d "YOLDV4 ALISNILNI SSIULS Q3IZITVWION

231




Buipoo pja1j-1o4
wi0}1uf 04 PI3I3IQNG 34o|d WNLIWN|Y [GBL~41ZZ Yt 3|OH YPQ PtOM
~PIOD | |9AR] wouy buyounwy »3ci7) Nyl ajBulg o Joy $104304 Aisuagu) ssayg Tzo| 3By

1/0 "HLONIT ADOVHED

: S v £ [4 1 )
< i 4 T T — ¥ ..._O
-5
40t
451
~0Z
462
8L-v¥O-v <
L1-¥2-¥ O doe

INEA ISH ‘N ‘8O 1DV ALISNIINI SS3¥LS

232



(153 81 = 9) BuproT pjaty
-404 wWiojlun 03 P3§I3IQNg 3ol wNLLWN|Y |G] -4 127 Ul 9|OH LBdQ paxioy,
~p0D) Z (9497 wouy Buyoubwy %30i) nuyl 9ibulg o Joy 5104304 Aisudju| ssaug o) anfiy

/0 'HIONTT ADVYED

¢ 0
_ : ; d ! )
O
<5

w

—f

i

&

4

= [T

Z
s ™
- 2
< o~

-

>

. N

15t W.

T

o

44

LON w

49¢

2e-Vvo-v O

ir s perem A

S 2



(1% 81) Buipoo piary-s04
waojiun) 04 PHSIIGNg Aol wNLIWNY 1681 ~412Z Ul 3|OH LedD parioy,
-pjoD) £ |9a9] woiy Buynuowy %2017 niyy a[Buig o soj 5104904 Aisuaiuj ssaysg tp9) 23nbiy

1/0 "HIONTT JIVED TYNOISNIWIINON

g 4 £ A i 0
" i v v 7 0
7
o%uv 18
o
w
o =
© 101 @
Z
-
m
: <
n. -
” s
3 Jor 8
,.,, p
! 5
{se =
ﬁ,. 7|
: [
. X5-v2-¥ O lee
B
w
.3
...._l A ‘ e P e e i e e e e e ».A.a,wsila_,_%{...i,..in..um.x\




J345u0J POOT] JBUSDY 30| puo Buipooq

P1914-104 153 8| 04 PA33IGNG 34o|g wnuILNlY (816122 Y! JIOH PIOM
-pjoD) | |94 wouy Buyouow3 3904 Niyy 316uIg 0 1) $104204 Kisuau| sseyg G| nByy

SIHONI ‘@ ‘HIONIT AOVED

o'l 8'0 9°0 ¥ 0 2°0
L

T T J T

1Z-Vo-v O
ZZ-vo-v 9

&

8
NI/ IS X “301Dvd ALISNIINI $S34LS

Q




e A

T uﬁﬂwgﬂﬂguﬂaﬂngd.lﬁw BRI P AT T VI L LRI ¢ R e e T e

Buipoo pratd-04 153 Oy 04 PRiSIGNS $8,014 WNIUDyIL PRjDBULY 019G A~ V9
ui 53joH uId(Q PINIOM-P|OD wosy Bujioudwy $39043 NuY) I|gNO( JO4 $104904 44 1SUU| SSINS PRZIOULON “§9| @unBig

4/© ‘HIDONI] ADVED A3ZITVWION

8 L 9 S 1 4 1% FA l o}
| L 1 ) ¥ L) T L4
10’0
o0 | —r——
o'y ——— 42°0
0°Z
QIRIOM-QI0D % TOIWAS
_ 1°
4¥°0
o
5 0 = [ )
s
1546°9ZL = 0 .g

A
Mg oy % 1y

MDg ‘YOLOV ALISNILNI SSIULS CIZITVWION

2%




R g 1 sk s R e e e e S L S

Butpooy p(at4-404 wiojiun o4

pai29lqng ajojg Ao|jy wniuojl| pa|oduuy BIdg Ap=|y9 Ul 30K usdQ PNy
-pj0D | |99 woyy Buyouowy #3017 niyy ajBuig 0 oy $104904 Aisuagu ssansg "z 24nbiy

/2 ‘HIONIT XOVID TYNOISNIWIGNCON

6 8 L 9 S 4 £ Z l
¥ L

L L) 1 T

-
-

8i-vO-1 ©
L1-¥D-L O

NIA ISX ‘N “401DV4 ALISNIINI SS3ULS

237

P L




Bu;poo pjaLg-sog E..om.mcb 153} O 04 PRI29Igng BI04 WNjuDy}) PI|CBULY 049F AP-TV9 Y 9|OH
ued() PINIOM-PIOY) Z |9ae] wouy Buyjouowy 3501 nayp 3jbulg O I} 5305304 Aisudiu) ssang 89| eanBiy

© /0 ‘"HIONTT XDOVED
9 : L4

8
T . H : T

2Z-vo-1 v
12-vo>-L O

-

NIA 1S3 ‘3 "3010Vd ALISNIINI SS3ULS

23



iz Kislga i & o bl p2tie i 0 @:Nﬂiﬂﬂiﬂﬂﬁ&uiﬂgmﬂﬁguﬁﬂﬂﬁﬂmﬁﬂ—uuwﬂr!ﬁ:—.a1&«.%“!&%.“141‘;.:uanﬂ.L.\nilib L s T e
o H iahsa . : : SO L AR R S LTI : .

Buipooy pid14-304 uuoyiun 15) OF O PYORIQNG 9i0)q wniuDyt| PEIDIULY DG Ap-TV9 Ul
2Ol PIRIOM-PIOD) £ (9427 WOy Buj puowy o1 nay| 98urg o oy Joyang Ayysusyu) ssaug 691 aunbiy
40 ‘HIONTI NOVID
8 9 14 [4 0
T T T T 0
QO (174
0

v
o
ﬁQO

o
v

1
<
DIA ISH "3 "HOLOVI ALISNILINI SS3YLS
239

24 WY1 © i
1§ 2Z-¥2-1 O




: L“dﬂﬂd__nﬂwmrnﬂﬂrtmm! BRI S e e ey ey I CETIALE o g
| ' ' ' Y v

PP TT ey sy

Ja§5una} POCT] J9UI4SD4 %/ puo Buipoo] pio14-iod 15) g O
P32l gng 2i0jd wniuoy1) pPajoRJIuY D10 AY-|VQ Ui 3{OH PONIOM-P|0D
1 19297 woiy Buijouowsg 320 nayy 9jBuIS D 1oy 104204 Aiisuagu) ssans QL 9nBiy

4% ‘JIOH 30 uODm WO¥3 IDNVISIG T/NOISNIWIQ NON

i A 01 8°0 9’0 $°0 Z°0 0
T T T T 1 T T \a )

(7]
-
=

40 o
(7]
Z o
2 &

dov &
-
<
-n
>
n

199 Q
=
=
w

18 —
3

Q—D.QUIFQ ;
Li=¥2-1 0 001

',,‘..u i b L




, Buipooq pjat4-Io4 15) 8|
01 PRI291qnG 59i0]d wauLwN]Y |SBL-61ZZ U SIIOH PONIOM-PIOD | |2487 jO
s9dA) $n0oA wOH Buijouocur 32017 Aay) 3|Buls Joj 3104304 AJisuaju) ssa4S “ (/) 3By

1/% ‘JIOH 40 3903 WO¥I JONVILSIA TYNOISNIWIGNOM

1o
- OO
L LY

9 S y £ 14
T T

-y
(=

’ [ 4

1
o
-

L
&

NLAISY ‘N ‘S¥O1DVE ALISN3INI SS3ULS
241

1
8

, ¥3SNVIL QVOT ¥3INILSYS %Ol — —
- NOH ¥IN3ASYS IDNVEIIOL 3ISO1D ——— .
JI0H N3dO0 ——
J10H ONIGVO1 G1313-¥v4 IS 81 + ONINIOM 410D %2

\




FAR-FIELD STRESS, KSI
' 37,0 |

STRESS INTENSITY FACTORS, K, KSIVIN

10

-

0.8 1.0 1.2 1.4 1.6

0 0,2 0.4 0.6
CRACK LENGTH, o, INCHES

e o, A, S i b B A e e BN P S OO ST P s AP

Figure 172. Stress Intensity Foctors for o Single Thru Crock Emonating from Level ! Cold- :
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Far-Field Loading b

5
-
A
i
i
all

242




1.6

1.5

1.4

1.3

1.2

1.1

1.0

¢ 72 2.2 , /2
/:* °=f U-c—}-a—sin 8 dB for a/c 21
() ¢

/2 2.2 , /2
0=[ U-—?—sin 81 dBAora/c >

/

L J

1 1
0.2 0.4 0.6 0.8 1.0
FLAW SHAPE RATIO, o/c or ¢/a

Figure173 Flow Shape Parameter &

243

ki

o

|
¥

i

Rt

i s sk it g bt

»

o L PN B e M e B M RS

USSR TRREL PRI

ol e

;“F



o—
L]
w
1
'3
(4]
[ )
-—

B, DEGREES
%

\\
\

388588 3 8

A

FRONT SURFACE CORRECTION FACTOR, M,
o =

%

1 1 i 1 i

0 0.2 0.4 0.6 0.8 1,0
FLAW SHAPE RATIO, a/c or ¢/a

Figure 174 Front Free Surface Correction Factors, Ml

244

P




20, B S ¢ S L
e tenrion it wlam it 45 e 2

.

, JANNS == =

Figure 175.  Factor My @ Fora’c %1



TP [ LT AT, P =Y PG Ty S A A" P [P o S TR SR, | [P IS =7 o .78+ by ey | e - . |

§ |
\ \\ ? 83°3r9822° _
o g

R _ <
x
R [
Ny
O o
\ T o &
H W
M bb‘
! £ =
; s 5 9
] - 3 ~
! 2
e
\ 2
] ' 2
0. u.

1.0

0.8
0.4
0.2




GEOMETRIC ANGLE, 6, DEGREES (a’cg 1)
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Figure 177 Relationship Between Parometric Angle 8 und
Geometric Angle 8
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Figure 180 Nomalized Stress Intensity Factors Along the Periphery of a
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Figure 182 Nomalized Stress intensity Factors Along the Periphery of o

Double Corner Crack Emanating from an Open Hole {(a/c = 2.0)
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Figure 187 Correlation of Data and Prediction for a Corner Crack Emanating

from on Open Hole in 7030-T73 Aluminum Plate Subjected to
Constant Amplitude Loading (Test Specimen No. 1)
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Figure 191 Normalized Stress Intensity Factors at the Intersection of Plate Surface and 1
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Figure 195, Crack Surface of a Double Embedded Crack at Open Hole in 7075-T451

Aluminum Plate Subjected to Constant Amplitude loading (omo\ =15 Ksi, R=0.1)
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cc = Corner Crack
2cc - Two Corner Cracks

Mo de Comdition
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Clise Talerance

Interfurence Fi?

TABLE J - SUMMARY OF CONSTANT AMPLITUDE FATIGLE TESTS ON
2215 TH51 ALUMINUM SPECIMENS WITH o - 18 ksiond R - 0.1

Fortener

ohbwak I 7 " Fave
Llovel f Tyve Interference
I vt Inch
S S SO
- i None 1 -
- . None { -
B L
- | CV } -
,‘ |
- | C1 j -
| l
- CCT ’ -
!
- Ci ; -
- e .
' i
|
.1 0.00u8
- i L1 0.0038
- T 0.00238
- Co 0.0038
SRS U (AU S
2.2% | None -
2 2% ) None -
2.2% ' None | -
2.2% ' C1 -
22% | «1 -
2.2% | cr .
2.2% e -
R B

e e

CT -~ Close Toleronce

EF = Embedded Flow

o Tew ) Cycles R N
Load Tramfer Hole | Applied emorky
“b ‘Oo
% - ') 0 133,840 | cc, ¢ - 0.060"
{ - ” 148,400 | Fail
+. s et —— o e ccaenns e e i ]
| | 53,200 ce, c =0, 21"
i | : Fail « 66200
.0 | 2 0 80,210 | 2cc, ¢, =0.02" *!
! I cp=0.07" |
‘ | | !
i 0 I '3 40,00 cc,c 0,648 !
1 ¢ -0.23 - 66200
' 0.98 " 68,570 | Fail** }
0.7 2 52,450 | 2cc, ¢y =0.20""")
| o - 0.25" |
e . . »
" 0,051,010 Faited in Grip
0 *2 0,741,020 Failed in Grip
L 1.00 " 85,240 | Fait ™"
1.07 *2 | 404,220 | Fail*’
i = SOPRU VSPURPRITUURUIY SRS S
- 1 167,200 | €F
| - L] 165,700 cc, ¢ < 0,01
|
; - 3 164,400 | Fait *
i 0 2 436,060 2ce, ¢, = 0,43"
.' ey = 0.03"
i 0 2 275,250 | Foil *
} 1.08 "’ 136,60 | Fail**
l 1.02 L " | 96,500 | cc, ¢ =0.13
TL - Toper Lok

" Yest Mole

Number
A-CAF-1-2
A-CAF-2-2

A-CAF-3-)
A-CAF-3-2
A-CAF-3-3

A-CAF-1-1
A-CAF-2-1

A-CAF- 4-2
A-CAF-5-2
A-CAF-4-1

A-CAF-6-1

A-CAF-6-2
A-CAF-6-3
A-CAF-7-2

A-CAF-8-2
A-CAF-7-1

A-CAF-8 IJ

* = Two corner cracks located on tia some side of the fastener hole. When the crack surface was opened, o lorge embedded flow

was found.

**.: Srarted from embedded flow,
+e Storred from o corner crack.

++= Crock originoted on the surface away from hole.

267

Ao ]
est Ava.flable Copy




TR

TABLE 3 - SUMMARY OF CONSTANT AMPLITUDE FATIGUE TESTS ON

HALAV BETA ANNEALED HTANIUM SPECIMENS WITH a- 40 ksiand R 2 0.1

7 f SN . L. A
e Contirion, ST Trve [‘ Pl e | K | Remens R
U PR N — I
Open P L None ‘ - - " 76,59 | Fail’ T-CAF-1
! - ! None i - - " 93,320 cc, c-0,13" 7-CAF-2
S S SER —— ]
Cloe Toleronce! - [ < B - 0 " 106,200 | cc, ¢ =0.047" T-CAF-3-1
- < - 0 ”? 83,320 | foit" T-CAF-3-2
Lo ‘ . 0 '3 | 80,79 | Foil® 1-CAF-3-3
- Loer - 1.07 " 33,420 | Foil” 1-CAF-1
b $ a . 1.08 2 30,320 | cc, ¢ =0.02" 1-CAF-2
- ;.. .,-‘?‘ JPG Y U SRR S e e n e i e s e e e e ccunmng
hnterference Fir! - : T 0.0042 0 LA 981,790 Fail In Grip 1-CAF-4-2
;' o 0.0042 0 "2 1,014,380 | Fail’ 1-CAF-5-2
- Con 0.0042 1.08 | 187,310 | Fail! 1-CAF-4-1
L. ool 0.0042 .97 2 | 357,00 | Fail® T-CAF-5-1
P—cow Worked ‘ 1.8% B None - - " 122,790 | Foil ® T-CAF.a-1
} - "” 133,000 | ¢c, c =0.14" 1-CAF-6-2
i - /3 | 226,520 | Foil’ T-CAF-6-3
i 1.6% crt - 0 ” 99,670 | Fail® T-CAF-7-2
' 0 2 | 10,520 | 1c, 0=0.37"" T-CAF-8-2
{ 1.6% cr - 1.05 " 41,90 | Fail'( _ o cu *  |T-CAF-7-)
{ 0.95 d 3,670 | 2, o; 20.31"  |T-CAF-8-1
cc = Corner Croch CT = Close Toleronce
2cc + Two Corner Cracks TL = Toper Lok
+  Starred from corner cracks. te = Thru Crock
*  Srarted from embedded flow.  21c = Two Thru Crocks
8
ot Avay
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TABLE 5 - SUMMARY OF INITIAL CRACKS ( OR ORIGINS) OF ALL
CONSTANT AMPLITUDE FATIGUE TESTS ON BOTH
ALUMINUM AND TITANIUM SPECIMENS

CORNER CRACK , :

HOLE CONDITION EMBLDDED | orHers | TOTAL
SINGLE DOUBLE

(o) 2219-T851 ALUMINUM
Open 2 ¢] 0 0 2
Close Tolerance 2 2 5
Interference Fit 0 0 ] 1+ 2
Cold Worked 4 1 2 0 7
Total 8 3 4 1 16

(b) 6Al-4v BETA ANNEALED TITANIUM
Open 2 0 0 0 2
Close Tolerance 2 0 3 0 5
Interference Fit 3 C 0 0 3
Cold Worked 4 1 2 0 7
Total [R] 1 5 0 17
L

* Crack originoted on the surface away from hole.

249




TABLE 6 - SUMMARY OF SPECTRUM FATIGUE TESTS ON 2219-T851
ALUMINUM SPECIMENS

(n) BOMBIR SPICTRUM

- NQO, OF ]
HOLE FASTENER LOAD : ST HOIL
y ; ) - MARK 5
CONDITION TRANSFLR, “[ o FUCHY]S RLMA Y NUASRLR
> APPLILD
iy . Afpo o
Open NA 2264 Fail + ACBSE-1 7
1850 2ec, c‘ . (_2 =0, 08" A-BSF-2 20
0.y 1663 Fail * A-BSH-1 *
Clve- 1o 106¢0) co, o - DAY A-RSFep
Taleronce 1,12 13723 Fail * A-BSF-0 *
ro2 129y Foil * A-BSF-n
Interference-Fit 1,0t DHRA e, w04t A-Bol -3
(0,00 ] e Fail 1 A-D3 -
Cold=-Worked 0. 5A [FCR Jc, v 00 1A and 0, 18 4 YR i
(2.8) (0, 183y Fail 4 A- B -t

(1) FIGHTER SPECTRUM

HOLE FASTUNER LOAD NOY, OF KL AVARR ¢ TEST HOYY
. - & ) N
COLDITION TRANSILR, o o FLIGHTS NUAER
o AIPLIED
A UK
, ATuE-1 e
Open NA c, =0l !
“1e Foil * A-FOE e
} - . : :
‘ VNI 3 Fail * ! AN TSRS
Close Toderance ; .
0.1 RUTS KINREERE I I S R N L
' {
Interference-}ie | ) oOa 1307 Farib v ‘ AT AN R !
BRUSRTES ! INSR] Hag Foil oo A-FNp -
“ - '
Cold-Worked : 1.0} R N FH , ALl SE-IN
! | i :
L) Lo 2N I o, e e X ALESE N
: 1
Caorner (Crach S Twor Lot € raks
' Thiv ook N Twoy Thiv € oon b

S stated o embeacend Haw

vosrartedd bom corner crack

Started Peem dovbbe embedded o

v taeted from dendvle cones crack

Best Available Copy
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. TABLE 7 - SUMMARY OF INITIAL CRACKS (OR ORIGINS) OF ALL
SPECTRUM FATIG UE TESTS ON 2219-T851 ALUMINUM

SPECIMENS

HOLE CONDITION

Open
Closo Tolerance

Interfurence Fit

Cold Worked

CORNER CRACK

SINGLE | DOUBLE

1 |
] 0

S EMBEDDED

FLAW

0

0

OTHERS

(o) BOMBER SPECTRUM

0
0
0

c !

Total 4 ] 5
(bY FIGHTER SPECTRUM
Opeon 0 | 1
Close Tolerance 0 0 2 0
Interferonce Fit 0 ? Q 0
Cold Worked 2 0 0 0
Total ? 3 3 0
271
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TARLE B SUMMARY OF SPECTRUM FATIGUE TESTS ON 6A1-4V BUTA
ANNLALED TITANIUM SPECIMENS

(1) BOMBIR SPEC TRUM

) N, OF . .
noLt FASTUNLR LOAD ' : TEST HOLE
! FLIGHTS REAMARKS
N T ) T, s
CONDITION TRANSEER, g, o APPLIED NUMBLR
g . . g0 SRUF. ) #°
Open NA 1277 cot., ¢ - 0,092 1-BSF-1 #2
210 Fail 1-85F-2 12
1.00 1248 e, © -0, 148" T-BSF=1 "y
1.00 272 d.c., €) Ty Ty 0,02 T-BSF-3
(oo - 1.00 1497 Fail T-BSF-2 71
Tolaranc e 1,0 1536 Fail ++ 1-BSF-5
Y H23 ce., ¢ = 0.038" T-BSF-6
1.0 1542 Fail T-85F-4 ]
It taranc o=Fit 100 5407 fail 1-BSF-7
(0.0042%) 100 Juea ¢, e 0,075¢ T-BSF-A
Cold-Worked 1.00 1807 Fail 1o T-BSF-1X
(1.6%) .00 1214 2cc, ‘) = 0,029, c?—'0.0SI" 1-BSF-2X
{b) FIGHTER SPECTRUM
HOLE FASTENER LOAD NO., OF REMARK S TEST HOLE
CONDITION TRANSFER, (1!l o FLIGHTS ; NUMBER
Y 1 APPLIED )
. - o
Open None 847 Fail +t T-FSF-2 72
701 ce, ¢ =0.10" T-FSF-1 72
Cloe- 1.00 526 Foil * T-FSF-2 1)
Tolerance 1.00 M 21, ay = 0.4", ap = 0,5 T-FSF-1 %)
. - - T S T T T B R T
intarference-Fir 1.00 2054 Fait +t+ T-FSF-3
{0.0042") 1.00 714 Fail +t T-FSF-4
.. U ST g U GO UG U VU SO O
Cold-Warked 1.00 313 cc, ¢ = 0.033" T-FSF-1X
(1.o%) 1.00 466 Fail ¢ T-FSF-2X
. e o - S F ] PN OO U [N
o = Corner Crack 2¢cc - Two Corner Cracks
te - Through Crack 3cc - Three Comer Cracks (two located on the same side of the

fastener hole
* Starred from embedded flow )

t Sronred from corner crach

v Started from double corner crack

Best Available Copy
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TABLE 9 - SUMMARY OF INITIAL CRACKS (OR ORIGINS) OF ALL
SPECTRUM FATIGUE TESTS ON 6AIl-4V BETA ANNEALED

TITANIUM SPECIMENS

- ce gy
IRTRT P l‘.d&k:ﬂiéﬁnhkiﬁl FHE

CORNER CRACK

HOLE CONDITION EMFBS?V%ED OTHERS | TOTAL
SINGLE | DOUBLE
{a) BOMBER SPECTRUM
Open 2 0 0 0 2
Close Tolerance 2 3 1 0 6
Interference Fit 2 0 0 0 2
Cold Worked 0 2 0 0 2
Total 6 5 1 0 12
{(b) FIGHTER SPECTRUM
Open ] ] 0 0 2
Close Tolerance 0 0 2 0 2
Interference Fit 0 2 0 0 2
Cold Worked 2 0 0 0 2
Total 3 3 2 0 8




ro

TABLE 10 = SUMMARY OF CRACK GROWTH OF PART-THRU CRACKS FROM FASTENER
HOLE TESTS FOR 2219-T8S1 ALUMINGM ALLOY PLATES SUBRCTED 1O

CONSTANT AMPLITUDE LOADING .
R BN st FASTENER FLAW SIZES, IN Tman NO. OF RAW DATA
CRACK SPECIMEN HOLE o P .
GLOMETRY NO HOLE | o in iy | o e oo promemre o [39] CYCLES | REMARKS | INVOL. I
: NO. TYPE | LOADED | INITIAL [FINAL | R« ®.1 | arpPLiED TABLE NO.
1 cr You 0.004 | 0.188 54, 500 m
ACA-l ? Reomed (4] None 0.003 | 0,199 18 94, 500 '
3 None | None 0.00) | 0.176 94, 500
1 cr You 0.00} | 0,179 44,000 m
A-CA-2 2 Reamed cr None 0.003 | 0,172 i 79, %00 ?
3 None | None 0.4 | 0.25% 79, 30
- s et
) n&| ve 0.048 | 0,148 94, 000
ACA- 2 Keum »d W4 | None 0.038 | 0.168 i 18, 000 n 3
L 3 T2 | None 0.0% | 0.280 v4, 000
R 1 T2 | Yes 0.037 | 0.8 34,000 (",(2
A-CA-4 ? Keumed L8 | None 0,025 | 0,054 8 79, 900 i 4
3 12| None 0,043 | 0,058 79, 0 |
- T
! Reuned 43| None 0.054 | 0,188 230, 000 th
} L] | aca-s ? cwh None | Nowa 0,084 | 0,089 18 370,000 s
i 3 cw h None | None 0.055 © 0.10% 370, 000
. 1 Reamed W3 | None 0.055 | 0,175 140, 000 n
A-CA-4 2 cw 3 Nons | None 0.054 | 0.055 18 190, 000 [
3 cw None | Nane 0.082 | 0,078 190, 000
e ) cwh cr Yo 0.047 | 0,185 180,000 | (1, (2
ALCA-7 ? cw h Cr None 0.048 | 0.080 8 210, (000 7
3 cw 2 None | None 0.045 | 0.045 270, X0
1 cw cr Yes 0.040 | 0.182 515, 000 (b4l
A-CA-8 2 cw cr None n.056 | 0.120 18 515,000 8
3 Cw 2 None | None 0.039 | 0.087 515,000
1 P2 | None 0.056 | 0.1} 95,310
A-PO-) 2 Reomed L2 None 0.054 | 0.183 8 28, 00 (1 v
| None 0.043 | 0.208 ¢5,310
i
1
1 cw %2 None | None 0.059 | 0,410 350,000 | (D
ACA-Ix g 18 .
2 cw s Nons None 0. 046 0.042 367,200 10

{1 Crock at this test hole was Intentionolly retarded ofter opplication of numbhet of cycles shown.
(D) Specimen falled through this test hole.
(D Numbers following " indicate level of cold wark or intmiierence. (Tobles 14 and 15)
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TABLL 11 - SUMAARY (OF CRACK GROWTH OF THRL CRACRY PROA FASTENER AOLL TENTS
FOR DI TA3T ALUMINUALALLOY PLATLY SURECTED 1O CONSTANT AMPLHLIOL

LOADING
e e g - I T B e g e i - _— . :‘.' g e e e g .
5 .
CRACA srectaeny | Y Hout FASTENIR FLAW SIZLS, N, man NO. OF ‘ ) RAW DATA
GLOMETLY NO MOLL | e imian [ [ imm e ey e K CYCLES | REAVARKS INVOL It
L * NU, TYPE {LOADLD | INITIAL | FINAL | R =+, 1 | APPLILD TABLE NO.
PRSP NP SR SO, e e JUUSRN SRV SRR DS SR )
] cr Yer 0,0081 0,685 1, 400
A-CA-Y ? Recmed ct Nuone 0,000 |0, 8044 n 3,400 n
3 None | None 0,0087 [0, 300
t ur Yor 0.00M {0,814 6,490
A-CA-10 3 Reomed (@] None 0,002y {0,837y 1 6, %0 1?2
! 3 Nune Naone 0,009 {0,6228 6, 10
[T U SEUEUREURIY S [N SRS YNNI SIIUURI AU SR
' el ve
A-CA-11 ? Reaned wh | None K] -
3 nt None
| "We | ve 0,004 0,003 254,000
A-CA-12 ? Reomed 14| None 0,003 Q.00v 8 245,000 13
3 12| None 0.004 |0, 255,000
! Reared T None 0.0 0,630 W, 000 )
e A-CA-13 ? cwh Nove | Naone 0,008 10,484 18 &7,000 0}, {3) R
Rl cw None | None 0,00 0,07 1KY, (0
t Reamed 1WA None 0,004 0,018 v, 800
A-CA-14 ? cw None | Nons 0,001 {0,187 IR 16,600 m, (0 15
3 Cw None | None 0.0 (AR 92,610
1 W23 | None 0,034 0,213 190, 000 )
A-CA-13 2 Naone Nuone 0,087 (0, 168 k) 10,00 1 18
None | None 0.087  ]0.073 0,000
1 P Nane 0.008 0,827 2,89
L] A-CA-14 2 Reomedd L2 None 0.0% 0,408 N 7,800 1
M| Nove 0.028 0,454 7.8%
JRURERSRRESAN P CRSUU JUS SRR SRR RESRIY SSURDRRRUIEY SERUUPIY USRS SRUERUINIPRY DIRR
1 Reomed TLA3 | None 0,103 lo,822 1, 50 m
A-CA-17 ? cw [ None | None 0.15% 10,52 I 1, 80 () I8
J cw None | None 0148 (0,18 46,500
CRRUSSRSRY CRASN SNNSSRUNY RN SURANIUS SN SR SSPUISIPNE SISO S
Reomed W[ Noe 0004 100 10, M0 )
A-CA-18 ? cw None | None 0.4 {0,540 8 21,000 3] W
k] Cw Neaw | None 0,044 0.1% 8,000
! SREIPRRU VRSP S RIRUTY SRS SEDASRTI SRSUSIDIIINT DAY SR AR SN
! 1 cw ) (@} Yeor 0,087 0.2 a, 80 {n, {9
A-CA~1Y ? cw C1 Nane 0,000 |09 8 12,000 m 20
a cw 2 None | Nune 0,05% (0,063 [P
1 cw Y Yo 0,041 AR Y 1,000 )]
A-CA-N 2 cw ct Naone 0,041 0,208 8 14,000 B N
3 cw 2 None | None 0,073 {0,077 FARN
SURSRNSTPEPISY SURUUIIY YRR IS SERNIDUUIY AR SHDRRI Y I SUTORT
' cw T Yos 0,10 0,81 13,8\ )}
A-CA-21 ? cwh ct Nane 0157 (o 18 10,60 (M »
Lo oo o3 L ew?2 [ Nene | None [ 0,125 (0014 L s

275 "75/@.




’; TASLE 11 SUAMMARY OF CRACK GROWTH OF THRU CRACAY PROAEASTENER 1AHE 113)Y
Bl 20N TRNY ALLEAUNUAS ALEOY PLATES SURRLU TED 1O CONMFANT AMPLITLOL
LUOVALING (L antineed)

! ! 1 - ’ “ !

CRALA } e AN | v:t\\\‘t ‘ HOLE FASTINRR HLAW MZEY, N, »:.:-‘ N:‘l:\: , . :P:\: l::“&!
NIRITR] M N, i CONDITG B - (1Y S . . I
SRR L R Do PCONETION T Y aonn | e | il | ke | oareen | L TABLE NGO

. b . )’ - : t [} ! ' ‘
| ow 1 Yoy LU RS Fad P ) '
i ! i .
Aaly t N W L I oMe [ 002y doose | s saw ! i
. . 1 | !
Py oW [Nose | Nuase | 0,768 [ooser | B : .
. f . ' b - 4. ' ; .
: 1 N Nae 0,00 [URE.Y] T\ U
IR Rowned LAY Nene O TO0M TR s ‘ i
. 3 WA Nese 0wz [0.00 : E U !
. . 3 1] ' + . f ’— N O 1 [
1 : 2 USRI\ ¥ S | LU LU '
FTAR C teamed VT e RNy ' ” .
! 2 WA Nune 00V 1,888 . At i 2
b i
| | ‘ | |
t N N .. . . - . [ [ s . '
; ), 0 > 41y ! 1 FR LA
‘ acan ! P L T T i
2 NS None | O 1o, 2ve l AR ' i)
' I i |
. ; i ; .
v . . . v ] - ' P 3 . f
ALan 1 Rewnod ot Yo R U L | 43,00 '
i ‘ ‘ i ; r , : '
l ‘ | |
-~ ' . ‘ i
. . . ' ' ] { 3 ' ’ .
[ U )W IR
AL Ay ! Kewwnant Wh o Nee fen fo,wn o] tew o
N W Nese fomn oom | s ey, i K
! { .
i l | i ' )
. . . . . 'T . ‘ 1 - f} . .;
’ ! \ \NE \ A\ K
Aoy aeay 1 tw iy [None | None AR JCCEA LI "W LA AN 4 [N} i i
2 Cw g None . Nane 10,141 poaas EE NN : i :
I , i ! i t i : :
! \ b 4 : + - oy [ . ‘
1 ' v PR Nae I 0.0 {\\..w ! sl (!
i ' , ) . i ! '
' CoACAN Sl Rewmal P ILRD Nane 100N 1027 I SH, AN KN
N 1 i
'\ t \ 3 ‘ I3 Nene 10 0N o, A
. . ' , ¢ . . R .
, v TIUN Mo 00 Toawe oW (LW
i ! | ,
AUA N Dl Rewsml LTI Nees LU 0a0L w L aan M !
; S i '.ul None l 0. 1ar ‘lo_,m L sean : .
‘ . ! at . i 1. X AR S, L. L i |

1) Craad af 1 test Aate wan intentionally retarted ofter appdicatam of numbiel o Crvy le stwiwa,
(2) Spes vmen Lnilad Muaigh thas vest hale
AN Egovmenr mattiactined reseliiyg 0 the dom o precimen

1A Numbers toitoweny 8 ticare Tevel ot Lol wielh i iotertoronce {Tubley T4 it 159,

| | z‘Avai/ab e
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TABE ' YUAMEARY L A BACS E T OO PARE DRy BAL RS PROIAY P ASTE K 61001k
PEATS vu BAL AL BETA APE AL TITANIUAL ALEOY PLATEY SUBS S Ty
COIND PARGY AMFLITLEOE Ly AL NG
v . ] ] ’ o 1 ’
"nHt PALIENES AW MY N - STAPR EAN (VaTA
Y AR T ot t BAS Wt , o Lot o
AR N LITREY § NIRRT . ¥ ) y [R1] [RINTAY [ {RYTY LY NN I
kS L] .t . ks i .
MEAS * Nt TV et oAl INITIAL INAL | B et APTIRD COTABLE B
. . . ' ' ' . , .
]
t (W Yor Iodantoaiw LYY Vi
LINE Y . Coune. [ T vove ot & LI AN p
' Nove  Noos VN e AR
. . . . . . . .
1 Q) Yer AN\ AN M\ LN AN S
ta NS . toume.) (W N vt [\FR P & AL i) L
v Roee  Nooe 0 180 o), 0w
. . . . . . ' . .
\ 1 N ves [AR\YEER L viat
.-
: Taah N Coume .} nh Nosve AR O, IRE & 4,0 (b M
)
; b 19 N [EACARUR P Vi, et
. : W' e WO 0L JAAANN
L , Paa s N | PO N N ALY CARNT RPY ® S ©»
' ; ’ ' Neoe 00N e LW o
\ | . N . ' . . . . .
;W : Commant N Ye ARSIV X LARN
; ; 1aan : Covmet W Neoe LM g & W, A
} on Nove  Nowe PURTAREEV RN 14, N0 P
(- ’ Rourme-t nh A\ AT R AN\ L) &, 0
PAA S N Crame.t H' Nene [UN\LY B R T o &0, 440 L
3 [CRN Nove  Nowoe [ANAY DR TR, aw AR ,
. . . . + . » » .
t w ! Yoo AL S N 5, AN oh
taa” : Cw 0 1 N RS BV AN &« 12,8 48
\ tw N Nove  None (U LR IR R | 12, W
. . . B . . . f .
' w ot Yo [ANRIS N B ] TN (1
TAAS M [ [ None A\ COR R B TN 14, 00N »
) w N NNvre | Nane (AL C IS B T4, 0N
. . . . . . . .
ORI RS S08P Asie wul L rentraru by retaritent a0 agtlcs atina of aumbes OF Ly les shown,
12 Ve nmen Rbiad e agh g ten? Mol
V) Nembars foivmeng 8 it ate tovel oF cohY vk w0 nterlermnnc e (Libles 18 ot 18),
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TABIE 13- SUAWARY OF CRACK OROWTH OF THRU CRAURS PRUALFASTENER HOLE TE81Y
FUR SAL-6V BETA ANRNRALED TITANIUM ALLOY PLATES SUBRCIED 1OV CONSTANI
AMPLITUIOL LOYADING

. © 1 2 X e v O )
CRACH weomen |1 nat PASTENER FLAW S12tS, IN s NO.L OF KAW DALA
GLOM IO NO ML ONOTION | R R TEER PR B X 1 CYCUES | REAARES | N VOL. 1
' N, TYPE [ LOADED | INPVIAL [ FINAY | R~ 00,1 | APPLRRD TABLE Ny
| (] Yor [URL VORI VY S 12, &0
1CAY 2 Roummi (4] None [N\ 1 W 12, N0 W
3 Nwis| None [\N\IR] [ARLY M) [P -
t Y Yeor [\N\ % O, 447 172, X
1-CA-10 M Reamed Ct Noane (UL [URRRTY L\l 12, 000 41
3 None Nuone AR ] O, 451 12, (00 *
1 i ye 0,011 | 1M 1A, NC [, |
1-CA-N 2 Reomed WO | None 0,008 | 0,008 ® 170, 300 [}
3 | Now 0.0 | o007 120, N0
1 W ye a0 {0088 2,00 (R
1-CA-N? 3 Roamad nh Noos o 00N N\ ba UG ) 4 ;
3 Nl Noose WO | o, W, 0 J
) Cw c1 You 0008 {08 00 (n
1-Ca.id ? Cw C1 Nune [\ 0.t » 2, M0 “
i
) cw | None |  None DOV | 0,188 12, M0
r 1 cwh o You 004 | 0, 08 2, W0 o i
TCA-14 $ Cw h 9] Nwe 000 |0, v & 13, kw o |
3 cw h Noce| Nems | 008 {0171 1, J ;
) 0.0% 02 4, 500 o I
1
1-CA-¥S H [\NVY I R R " 4, N 4 i
H ) o0t oo 9, A !
e b B SRR bt SRR GG Bt i
1 004" fo.Ne 4, N0 ;
1<CA-18 ? 008 0127 « 4, N0 . :
SR 3 00N Lo e 4, X0 :
S R F___ R - e '
! os |ooew 1, &0 i
1-CA-17 oW |08y © ", &0 48 %
3 0.1 | o e 1, &0 ‘
1 o7 oo ¢, 00 '
1-CA-18 ? cw (R A LB VR TA] 0 ¥, A0 »
3 cwh 0S8 | 0se o, X0
1 Reomed 0048 DT 27, 300 m
1-CA-ty H Roumead 00 o « LN Ay
3 cw 0.0 [0 3, AW n
ORI SO SRR AT Sbtaiidl SRl SR A S PSS ol SR R
' cw iy None | None 0.0m o AW 5, X0 m
1-CA-0 ? cwh None | Nane 0.084 |01 @ 3, X0 (n s
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(4) Numben foliowing “#* indicate leve! of cold work o interference (Tables 14 and 15).
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* NO, TYPE | LOADED | INITIAL] FINAL APPLIED YABLE NO.
B I AR UMDV SUUIUUIN SRR SRS SRR ST SUEED IO . o
) Cr Yes 0,004 | 0.8822 37
1-F5-3 2 Reomad ct None 0.0101 | 0.465% | Fighrer nz 122
3 Note | None 0.0157 | 0,598 L 296 n
) L2 Yes 0.0056 | 0.0056 325
1-F$-9 2 Reamed | None 0.0045 | 0.0045 | Fightar 328 123
| * k] W None 0.009% | 0.00%0 125
SR DI SRR e SRR U o -
! W2 ves 0.0806 | 0.3629 226 (h, (d
1-FS-10 2 Reamed 12| None 0.0695 | 0.3170 | Fighter 29 n 124
F K} W1 None 0.0638 ! 0,2722 370
S SR S — - -
1 cw i Cr Yes - - - (4
1-F5-11 2 cw ) cr None | 0.0067 | 0.3584 | Fighter 200 (o 125 |
- 3 cwv None| None | 0.007% | 0.3203 270
| cw Ct You 0,0048 | 0,7%5 23 m
1-FS-12 ? cw cr None 0.0090 | 0.3987 | Fighter 2% 126
3 cwh Nane None 0.0079 | 0.3147 pEad
e e . _
1 cw cr Yer 0.0117 | 0,3338 156 §)]
1-F$-13 H cw (4 None 0.0023 | 0,3214 | Fighter 125 §}) 127
_ lL ‘ 3 cw None| None | 0.0079 | 0,3203 m
| N, ———— - - - PO
\ cw cr Yes 0.0370 | 0,3528 ns (U] |
T-F$-14 ? cwh (4] None 9.0% 0,3147 | Fighrer 125 (M 128
3 cw None | Nane 0.0246 | 0,3328 190
F_..,-, RN SR SIS SUORSTRNY SEUUIUNUUTY SRS SO PRSP SN ST,
} cw cr Yo 0,1210 | 0,4514 17
T-F$-15 2 cwn C1 None 0.1658 | 0,4850 | Fighter 121 129
3 cw ) None | None 0.1702 | 0.5197 k4]
) Reomed T2 None 0.0347 | 0,2382 818 om
1-F5-18 2 Reamed A3 None 0.0269 | 0.3069 | Fighter 773 1%
3 cw 2 None |  None 0,0403 | 0.3304 781 [$}]
ST S . 4 ' - IR
1 Reomed W3] MNone 0.0482 | 0,355 o M, {9
T-F5-17 2 Reamed I3 None | 0,023% | 0,1826 | Fighter 564 13
k] cw 2 None |  None 0.0438 | 0.2800 234 m
SR NN SIS SRS RN RGN SRS N N SN S N ———
1 cw s None |  None
1-F$-18 ? Cw s None |  None Fighter (3)
| 3 cw 2 None None
IR S SRR BN . S SR B .

{1 Crack ot this 1ess hole was Intentionally retarded after application of number of flights shown.
(2) Specimen foiled through this tes) hole.

{3) Equipment mallunctioned resulting in the lois of specimen,

{(#) This hole wos reamed 100 large for cold-wrking and consequently was not tested.

(5} Numbers following “* indlcors level of cold work or interferanca (Tables 14 and 15).
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TABLE 24 - SUMMARY OF ANALYTICAL PROGRAM

NUMBER FASTENER-HOLE CONDITION LOADING CONDITION

} Open Hole Remote

2 Close-Tolerance Fastener Remote

3 Close-Tolerance Fastener Remote + Fastener
4 Interference-Fit Fastener None

S Interference~Fit Fastener Remote

6 Interference-Fit Fastener Remote + Fastener
7 Open Cold-Worked Hole None

8 Open Cold-Worked Hole Remote

9 Filled Cold-Worked Hole Remote
10 Filled Cold-Worked Hole Remote + Fastener
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- TABLE 27 - BOMBER SPECTRUM - STANDARD SEVERITY

e ks b i m.inl Lok kil

LOAD | LOAD .
LOAD | (% LIMIT) CYCLES, | LOAD | (% LIMIT) CYCLES,
LAYER |« ~—-— -1 MISSION | LAYER |- — — - =~ MISSION
MAX | MIN | MAX | MIN
1 2| -1 1 23 34 } 0 1
2 100 | 58 1 Every 100 24 24 [ 13 4
3 ooy 8 1 Every 10 25 72 8 1
4 &8 | 58 i 26 5 1N 9
5 58 45 | 27 k! B I [ 10
6 o | es 1 28 99 | 53 | 1Every 100
7 | 40 ) 29 88 | 12 | 1Every 10
§ 56 | 49 3 30 75 53 1
9 sl 2 1 3 3 as )
10 63 | 5 2 32 85 | 56 )
n st 143 | 33 g8 | sl 1
12 & | 3 | 34 53 . 33 |
13 3 | 13 1 35 62 | 53 2
14 48 | 36 6 36 53 | 46 i
15 38 I 30 | 37 81 | 48 1
16 76 3 | 38 & | 58 1
17 53 1 3 I 39 70 | 32 1
18 21 | 55 1 Every 10 40 45 | 40 1
19 62 | 33 1 41 5 | 43 5
20 51 | 40 \ 42 5 | 46 29
21 55 , 13 1 43 -3 -5 i
22 B, 2 6 44 | -4 J -14 ]
o
LIMIT
ALLOY STRESS (KS1)
}._...,._.,V_, S
Al-2219-1851 33.6
Ti-6Al-4V 3 A 70.0

i e A At Ll e

e iinc b 2 B g e L

sl e eeid v 1
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